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that! have! emerged! recently,! and! have! attracted! intense! interest! as! a! potential!
alternative! to! classical! semiconductor! Quantum! Dots.! CNDs! possess! high!
biocompatibility,! easy! and! low5cost! synthesis,! good! colloidal! stability! and! appealing!
optical!properties.!CNDs!also!hold!a!huge!potential!as!novel!and!versatile!luminescent!
nanomaterials! for! a! wide! range! of! applications! such! as! bioimaging,! drug! delivery,!
chemical!sensing,!photocatalysis,!and!as!sensitizers!for!photovoltaic!solar!cells.!!
This!Thesis!deals!first!with!the!development!of!different!strategies!to!produce!
non5toxic,! inexpensive! carbon! nanoparticles! with! good! and! tunable! emission!










treatment,! pyrolysis! of! organic! compounds! and! flash5thermal! pyrolysis! of! carbon!
precursors!contained!in!the!channels!of!inorganic!mesoporous!templates.!
II.! Characterization! of! CNDs:! evaluation! of! their! structural! and! optical!
properties! with! special! attention! to! the! role! of! functional! groups! generated! in! the!
CNDs!and!the!chemical!composition!of!the!different!precursors!to!induce!an!enhanced!
response!in!the!visible5NIR!range.!
III.! Applications! of! CNDs:! evaluation! of! their! role! as! biomarkers,! theranostic!
agents,! and! ion! sensors,! especially! in! the! NIR! range.! Evaluation! as! sensitizers/light!






Los% Carbon% Nanodots,! "CNDs”,! son! un! nuevo! tipo! de! nanomateriales! de!
carbono!fluorescentes!que!han!despertado!un!gran!interés!como!alternativa!potencial!
a! los! clásicos! semiconductores! fluorescentes,! los! denominados! Quantum! Dots.! Los!
CND! se! pueden! obtener! mediante! rutas! sintéticas! fáciles! y! de! bajo! coste,!
manifiestando! alta! biocompatibilidad,! buena! estabilidad! coloidal! y! atractivas!
propiedades! ópticas.! Además,! los! CND! presentan! un! enorme! potencial! como!
novedosos! y! versátiles! nanomateriales! luminiscentes! en! una! amplia! gama! de!
aplicaciones,! como! en! la! creación! de! imágenes! biológicas,! en! la! administración! de!
fármacos,! en! la! detección! química,! en! fotocatálisis! heterogénea! y! como!
sensibilizadores!en!células!solares!fotovoltaicas.!
En! primer! lugar,! esta! Tesis! Doctoral! trata! del! desarrollo! de! diferentes!
estrategias! para! producir! nanopartículas! de! carbono! no! tóxicas! y! económicas! con!
optimizadas!propiedades!de!emisión!que!abarcan!un!amplio!rango!de!foto5activación,!





en! la! naturaleza! y! de! bajo! coste;! (ii)! comprender! y! optimizar! las! propiedades!
estructurales! y! ópticas! de! los! CND! sintetizados;! y! (iii)! usar! los! CND! como!
Biomarcadores!fluorescentes!y!agentes!de!Terapia%Fotodinámica,!como!Nanosensores!
luminiscentes!y!como!fotosensibilizadores!en!aplicaciones!Catalíticas.!
Después! de! una! sección! introductoria,! la! tesis! se! ha! estructurado! en! tres!
bloques:!
I.! Síntesis! de! CNDs,! evaluando! diferentes! métodos! sintéticos:! tratamiento!
hidrotermal,! pirólisis! de! compuestos! orgánicos! y! ultrarapida! pirólisis! térmica! de!
precursores! de! carbono! contenidos! en! los! canales! de! templantes! mesoporosos!
inorgánicos.!
II.! Caracterización! de! los! CND:! evaluación! de! las! propiedades! estructurales! y!
ópticas!de! los!CNDs!obtenidos,! con!especial!atención!al!papel!que! juegan! los!grupos!
Summary!!!
! VII!




acabo! también! su! evaluación! como! sensibilizadores/recolectores! de! luz! capaces! de!
expandir!la!respuesta!de!otros!fotocatalizadores!o!imitar!la!actividad!enzimática!de!la!
enzima!peroxidasa!natural.!
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ultraviolet! (UV)! to! the! near! infrared! (NIR)! have! been!modified! by! tailoring! variables!
related! to! the! chemical! composition! of! the! CNDs! and! their! physical! structure.! In!
addition,! this! Thesis! has! pursened! the! development! of! applications! where! the!
outstanding! properties! of! the! different! CNDs,! especially! those! associated! to! their!




1. Exploration! and! development! of! novel,! reproducible! and! reliable! synthesis!
strategies! of! CNDs! that! enable! the!modification! and! tuning! of! their! bulk! and!
surface! compositions! as! well! as! their! photoluminescence! properties,! while!
using!as! raw!materials! readily!available,!environmentally!benign!or! recyclable!
precursors.!!
!





evaluate! their! potential! role! as! simultaneaously! active! bioimaging! and!








5. Expand! and! enhance! the! photocatalytic! response! of! well5established!




nanoplatfrom! to! mimic! the! functions! of! natural! peroxidase! enzymes! upon!




Keeping! these!goals! in!mind,! the!main!achievements!of! this! thesis!have!been!
structured! using! the! compendium! of! peer5reviewed! articles! published! (or! currently!
under!evaluation).!The!information!of!these!articles!has!been!organized!in!two!major!
blocks!as!shown!below!in!Thesis!Structure!Diagram.!The!first!block!addresses!different!
synthesis! strategies! to! synthesize! light5emitting! carbon! nanodots,! namely,!
hydrothermal! synthesis! (published! in!Articles* 1&3),! pyrolytic! carbonization! of! plants!
(published!in!Articles*4&5),!or!the!flash5thermal!pyrolysis!of!organic!precursors!encased!
within!mesoporous!templates!(gathered!in!Articles*6&7).!!
The! second! block! of! this! Thesis! refers! to! the! main! fields! of! applications!
explored! for! each! of! the! synthesized! CNDs.! The! CNDs! obtained! by! hydrothermal!
synthesis! have! been! tested! in! different! applications! that! are! summarized! in! the!
Scheme!1.!!The!CNDs!synthesized!by!pyrolytic!carbonization!of!plants!were!coupled!to!
different!photocatalytic!supports!for!application!in!environmental!photocatalysis!in!the!
UV5vis5NIR! range! (see! Scheme! 2).! Finally,! the! CNDs! synthesized! by! flash5thermal!
pyrolysis! of! inorganic! mesoporous! templates! have! been! applied! as! photo5activated!







A! more! detailed! description! provided! in! Scheme! 1! highlights! the! main!

















Finally,!Article* 3,!we!have!successfully! reported!a!dual! role!of!CNDs!synthesized! in!a!
single! step! from! a! single! precursor! for! simultaneous! bioimaging! and! photodynamic!











both!works! and! continuing! the!work! developed! in! the!Article! 3,! the! obtained! CNDs!
were!employed!as!nanostructured!photosensitizers!and!deployed!onto!the!surface!of!
conventional!photocatalytic!supports!to!expand!their!response!towards!the!visible5NIR!
range! for! solar5driven! pollution! abatement.! In! Article* 4,! we! demonstrated! the!
enhanced! photocatalytic! response! of! a! novel! Fenton5like! heterogeneous! catalyst!
(magnetically! recoverable)! obtained! through! the! assembly! of! superparamagnetic!
feroxyhyte!nanoflakes!to!CNDs!pyrolized!from!mate!herbs.!Furthermore,! in!Article*5,!
we!evaluated!the!tunable!PL!response!of!two!types!of!CNDs,!derived!from!stevia!and!
mate,! with! different! levels! of! N! and! P! doping! after! assembling! with! TiO2! to! form!





Finally,! as! shown! in! Scheme! 3,! referring! to! Articles* 6&7! of! this! thesis,! we!
highlight!the!synthesis!of!luminescent!CNDs!retrieved!from!ordered!mesoporous!silica!





(between!255!min!of! reaction)!by! immersion! in!a! fluidized5bed! reactor! that!provided!
heating!homogeneity!and!ensured!fast!heat!transfer.!In!this!regard,!in!Article*6,!we!use!
this! approach! with! two! natural! sources,! to! obtain! undoped! and! nitrogen5doped!
luminescent!CNDs,!depending!on!the!carbon!source!used.! In!Article* 7,! the!structure5
directing!agent!(SDA)!within!the!channels!of!the!mesoporous!template!was!used!as!a!
carbon! source! to! generate! strong! blue! PL! centers! attributed! to! silicon! and! carbon5
based! sites! within! the! mesoporous! silica! nanorod! platform.! In! addition,! these!











the! course! of! this! thesis,! making! especial! emphasis! on! the! goal! of!





can!be!considered!as!an!“environmentally! friendly! transformation! tool”! to! transform!
raw!materials!with!complex!compositions!into!valuable!products.!The!main!advantage!
of! using! the! HTC! method! to! obtain! X5CQDs! is! reflected! in! the! widely! available!
precursors! that! are! not! only! restricted! to! materials! existing! in! nature,! but! also!
extended!to!many!organic!small!molecules!containing!carbon!and!doping!hetereatoms!
(i.e.!N,!S,!P).! In! comparison! to! the!HTC!method,! it!was! reported! that! the!microwave!
(MW)! method! has! a! similar! reaction! mechanism! but! greatly! increases! the! reaction!
efficiency,! and! significantly! reduces! the! reaction! time.! ! However,! we! had! tried! to!
synthesize!these!nanomaterials!via!MW,!and!did!not!obtain!satisfactory!results.!!
The! second! synthesis! strategy! consisted! of! the! pyrolytic* carbonization! of!
natural! plants.! Compared! with! other! “Botom5up”! methods! such! as! MW! synthesis,!
pyrolysis!of!organic!compounds!is!more!cost!effective,!because!it!does!not!need!special!
equipment! or! any! solvent.! This! method! was! developed! to! extend! the! doping!
categories!and!greatly!shorten!the!reaction!time!compared!to!the!HTC!route.!








Hydrothermal! carbonization! (HTC),! which! is! one! type! of! solvothermal!
carbonization! process! is! regarded! as! a! direct! and! efficient! synthetic! approach! that!
works!through!polymerization!and!carbonization!reactions.!It!has!been!widely!applied!
to!prepare!numerous!materials!due!to!the!high!reactivity!of!the!reactants,!easy!control!
of! the! solution! parameters! and! limited! energy! consumption.! Typically,! a! solution! of!
organic!precursor!is!sealed!and!reacted!in!a!hydrothermal!reactor!at!high!temperature.!
Hsu! el! al.! proposed! for! first! time! the! mechanism! for! the! formation! of! CNDs! by!










a! large! number! of! carboxylic! moieties! was! strongly! beneficial! to! develop! highly!




group! during! the! hydrothermal! carbonization! of! vitamin! C! (L5ascorbic! acid! (AA)),!
Article*1.!
Once! we! demostrated! that! the! presence! of! N! atoms! induced! substantial!
modifications! on! the! final! response! of! the! CNDs,! another! series! of! synthesis!
Methodology!!!!!!!!
! 95!
experiments! using! a! single! precursor! containing! N! atoms! were! performed.!
Ethylenediaminetetraacetic!acid!(EDTA),!a!low5cost!and!naturally!abundant!amino5acid!
like!compound!was!utilized!as!single5source!precursor! for! this!purpose.! Its!molecular!
structure! includes!a!C5N!bond! connecting!a!nitrogen!atom! to! the! carbon! chain! from!
which! the!CNDs!doped! is!produced,!without! the!need!of!a! co5reactant,!Article* 3.!As!
discussed! in! section! I.6.2,! besides! conventional! (i.e.! down5converted)! PL,! N5doped!




The!hydrothermal! synthesis! of! the! CNDs! is! summarized! in! the!Figure! 48Oa.! A!
first!synthesis!of!CNDs!was!carried!out! in! the!absence!of! the!amine!co5fed!precursor!
(hereafter! labelled! as! CNDAA,! see! Figure! 48! bO1)! to! clearly! establish! the! influence! of!
adding! N! species! during! the! carbonization! of! AA! in! the! presence! of! a! co5fed! N5
containing!precursor!(hereafter!denoted!as!N5CNDsAAEN,!Figure!48!bO2).!
The! typical! experimental! procedure! to! synthesize! the! un5doped! CNDs! is!
described!as!follows!(see!Figure!48).!First,!1M!solution!of!AA,!as!the!carbon!source,!and!


























We! investigated! the! formation! mechanism! of! CNDs! exploring! different!
temperature!ranges.!As!shown!in!Figure!49,!higher!reaction!temperatures!(above!230!
oC)! favored!the!generation!of!a!higher! fraction!of!carbogenic!dots.! In!contrast,! lower!
temperatures!led!to!dehydration!and!polymerization!of!the!starting!precursors!without!
reaching!the!temperature!required!to!induce!the!formation!of!the!CNDs.!Therefore,!at!
lower! temperatures,! small! fluorophore!molecules!with!PL!were!obtained! (see!Figure!
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(vide! supra).! These! synthesis! conditions! correspond! to! the! threshold! reaction! times!
and! temperatures! required! to! rendering! a! successful! production! of! the! CNDsE.! The!
selection! of! a! different! set! of! T! or! reaction! times! yielded! to! less! homogeneous! and!











To! the! best! of! our! knowledge,! there! are! no! reports! on! the! effect! of! heating!
time!and!temperature!on!PL!properties!of!CNDs!using!EDTA!as!the!only!precursor.!As!







conditions133.! First,! the! carbon! source! is! heated! to! a! sufficiently! high! temperature,!













an! oven! at! 100oC! prior! to! grinding! into! a! fine! powder.! Then,! 1.2! g! of! the! dried! and!
powdered!mate!and!stevia! leaves!were! thermally! treated! in!air! for!2h!at!300!oC!and!
250! oC,! respectively! (see! Figure! 51).! Black! carbonized! powder! was! cooled! to! room!
temperature,!dispersed!in!ultrapure!water!(15!mL)!and!centrifuged!at!6000!rpm!for!10!
min! to! remove! large! or! agglomerated! particles.! The! remaining! supernatant! was!









Furthermore,! no! external! surface! passivation! agents! or! further! modification!







Discrete! CNDs! with! tunable! and! uniform! sizes! can! be! prepared! via! confined!
pyrolysis!of!an!organic!precursor!in!nanoreactors.!We!embarked!in!this!more!difficult!
route! because! it! is! of! great! importance! to! control! the! size! of! CNDs! during! the!
preparation! process! in! order! to! get! uniform! properties.! The! supported! synthetic!










We! report! the! synthesis! of! undoped! and!nitrogen5doped! luminescent! carbon!
nanodots! by! rapid! pyrolysis! using! ordered! mesoporous! silica! (MS)! nanorods! as!





first! time,!we! used! immersion! of! the! loaded! template! in! a! fluidized5bed! reactor! for!
rapid! (flash)! pyrolysis! in! order! to! ensure! to! fast! heat! transfer! and! heating! to! the!
desired!reaction!temperature,!see!Figure!52.!Also!as!an!alternative!procedure,!we!have!
used! directly! the! surfactant! molecules! (structure5directing! agent! (SDA)),! confined!
within!the!ordered!mesoporous!channels!during!its!synthesis,!as!carbon!precursors!to!













(EDTA),! (ii)! induce! their! thermal! decomposition! (pyrolysis)! within! the! confined!
dimensions!of!their!porous!walls,!and!(iii)!render!a!highly!uniform!size!distribution!of!
CNDs!(see!Figure!53)!with!average!sizes!below!4!nm.!






























53).! This! fluidized! bed! configuration! promotes! a! rapid! and!homogeneous! heating! to!
the! desired! temperatura! (500! oC)! of! immersed! objects,! leading! to! a! rapid! pyrolysis!
process!of! the!contents!of!a! tubular! reactor! loaded!with! the!mesoporous!solids.!The!
sample!was!kept!inside!the!fluidized!bed!at!500!oC!for!5!min!and!then!allowed!to!cool!
down! to! room! temperatura! (see! Figure! 53).! After! the! flash! pyrolysis! process,! a!
brownish5pale!yellow!solid!was!obtained.!!
As! shown! in! the!Figure!54,! the!optimal!mass! ratio!of!MS! template! to!organic!








To! extract! the! CNDs! confined! in! mesoporous! templates! most! works! in! the!






In! addition,! the!procedure!did!not! allow! the!possibility! of! reusing! the! templante! for!
successive!synthesis.!In!contrast,!our!powdered!solid!was!extensively!rinsed!and!ultra5
sonicated! in!water! for! 15!min! to! facilitate! the! release! of! the! carbon! nanostructures!
generated! within! the! silica! nanoreactor.! The! supernatant! containing! the! CNDs! was!
passed!through!a!10!nm!cut5off!filter.!The!nanoreactor!could!then!be!reused,!and!the!
final!yellow!solution!containing!the!CNDs!was!stored!without!any!further!treatment!for!
subsequent! use.! As! expected,! from! EDTA,! as! a! carbon! source,! N5doped! CNDs! were!
obtained.! In! such! a! way,! that! the! CNDs! synthesized! from! CA,! as! carbon! source,!









III.1.3.2 Rapid* pyrolysis* of* structure&directing* agent* confined* in* mesoporous*
templates***
!
Here,! we! take! advantage! of! the! existence! of! the! SDA! in! the! mesoporous!
structure!as!a!source!of!carbon.!In!a!tipycally!procedure,!the!ordered!mesoporous!silica!
(MS)! nanorods! were! synthesized! using! Pluronic! P123! as! SDA! and!
Tetraethylorthosilicate!(TEOS)!as!silicon!source!following!a!hydrothermal!approach!as!
mencioned! in! section! III.1.3.1.! In! order! to! induce! the! generation! of! light5emitting!
centers!within! the! silica! nanorods,! these!were! placed! in! a! thin!wall! 8!mm!diameter!
quartz!tube,!which!was!immersed!in!a!sand!fluidized5bed!reactor!at!500!oC!(see!Figure!
52).!The!samples!were!flash5heated!to!the!bed!temperature!in!less!than!40!s.!This!flash!
heating! protocol! induced! luminescent! sites! within! the! MS! nanorods! while! keeping!
their! ordered! structure.! Furthermore,! the! selection! of! different! reaction! ambients!
derived! in! different! photoluminescence! responses! of! the! resulting!materials! (Figure!



















species! (CNDs! and! residues! from! the! pyrolysis! of! the! SDA! still! present! in! the! pores)!
from! samples! LMS@C! and! LMS@Si@C! (Figure! 55).! After! the! removal! of! carbon!
nanodots,!the!luminescence!was!attributed!to!partially!reduced!silica!emission!centers!
or! Si5C5O! domains.! The! luminescence! could! be! clearly! discerned,! with! characteristic!
emission!peaks! clearly!distinguishable! from!the!carbon!nanodots! typical! luminescent!
features366.!This!sample!containing!only!silicon5related!emitting!species!was!labeled!as!
LMS@Si! for! subsequent! use! and! evaluation! (Figure! 55).! Figure! 56! shows! an!
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In! addition,! we! also! investigated! the! formation! of! emitting! centers! under!












MS!structure!was!observed!after!a! time!of!30!min.!Even!so,! in! short! times,!2!min,!a!
luminescent! carbogenic! core! could! be! observed.! Finally,! to! corroborate! that! the!
generation!of! luminescent!centers!was!due!to! the!use!of! the! flash!pyrolysis!method,!
slow! conventional! calcination! treatments! were! carried! out! for! comparison! under!
identical! reaction! atmospheres! and! temperatures.! None! of! the! control! experiments!
under!conventional!heating!conditions!rendered!any!luminescent!nanostructures.!This!
was!attributed!to!the!slower!heating!rates!that!provided!sufficient!time!for!the!carbon5
containing! species! to! exit! the! mesoporous! structure! before! inducing! partial!
carbothermic!reduction!of!the!support.!
!
III.2 Assembly% of% Carbon% Nanodots% create% to% heterogeneous% photocatalysts%
nanohybrids%!
Although! there! are! previous! reports! describing! the! in! situ! synthesis! of! CNDs5
based!composites367,!they!normally!exhibit!certain!drawbacks.!For!instance,!the!size!of!
the! CNDs! and! their! homogeneity! on! the! heterogeneous! photocatalyst! support! (i.e.,!
TiO2! and! iron5based! nanoparticles)! are! difficult! to! control! in! situ! procedures.!











TEM! images!confirmed! that! the! thermal!pre5treatment!was!enough! to!get! rid!of! the!
outer!monolayer! of! organic/amorphous!material! around! the! TiO2!NPs.! Furthermore,!
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the! attachment! of! CNDs! was! more! efficient! (Figure! 58Ob)! and! the! photocatalytic!

























planar! configuration)! facilitates! the! assembly! of! the! CNDs,! while! their!
superparamagnetic!nature!enables!their!reutilization!via!magnetic!recovery.!
The! facile! self5assembly!procedure!used! to! form! the! Fe5NF/CNDM!nanohybrid!
photocatalysts!involved!a!simple!dispersion!of!the!Fe5NFs!in!a!solution!of!CNDs!under!
vigorous!stirring,! followed!by!vacuum5assisted!drying!at! low!temperatura! (see!Figure!
59).!Typically,!0.2!g!Fe5NFs!were!suspended!in!a!mixture!of!1!mL!CNDs!(0.5!mg/mL)!and!









with! scope! for! further! functionalization.! CNDs! showned! quasispherical! or! spherical!
shaped! less! than!10!nm! in!diameter,!depending!on! their!preparation! conditions!and!
precursors.!In!addition,!the!obtained!CNDs!can!be!described!in!terms!of!a!carbogenic!
core! with! surface! functional! groups,! where! the! advantage! of! green! sources! over!












Besides! the! presence! of! a! carbogenic! core! with! different! kinds! of! carbon!
hybridization,! CNDs! also! contain! different! surface! functional! groups.! The! analysis! of!
the!elemental!composition!and!surface!functional!groups!of!CNDs!has!been!carried!out!
by! X5ray! photoelectron! spectroscopy! (XPS)! analysis! (see! Figure! 60).! XPS!
characterization! is! in! common! use! to! explore! the! chemical! composition! and!
configuration! of! X5CNDs! almost! without! any! exception! as! it! is! a! powerful! surface5
sensitive! quantitative! spectroscopic! technique! that! measures! the! elemental!
composition,! chemical! state! and! electronic! state! of! the! elements! within! CNDs.!
Typically,!the!surface!composition!of!the!samples!was!analyzed!by!x5ray!photoelectron!
spectroscopy!(XPS)!with!an!Axis!Ultra!DLD!(Kratos!Tech.).!The!spectra!were!excited!by!a!
monochromatic!Al!Kα! source! (1486.6!eV)! run!at!12kV!and!10mA!and!pass!energy!of!
20eV!was!used.!The!binding!energies!were! referenced! to! the! internal!C!1s! (284.2!or!
294.3! eV)! standard.! Analyses! of! the! peaks! were! performed! with! CasaXPS! software,!





type! species! named! N6! (attributed! to! pyridine),! terminal! C5N! or! amide! groups;! and!
400.9!eV!a!type!species!named!N5!(due!to!pyrrolic,!pyridones!or!nitroso!groups)!or!the!





associated! to!oxygen!atoms!bonded! to!C! through!sp2!orbitals! (carbonyl!group,!O=C).!
The!second!contribution!at!around!530.9!eV!is!usually!attributed!to!oxygen!bonded!to!
carbon! through! aliphatic! sp3! orbitals,! (H)O5C/O5C.! Finally,! the! evaluation! of! the! C! 1s!



















of! different! CNDs! solutions! in! distilled! water! were! collected! on! a! JASCO! FP56500!
spectrofluorometer! equipped! with! a! 450! W! xenon! lamp! for! excitation,! with!
temperature! controller! ETC5273T! at! 25! oC,! using! 5×10! mm! cuvettes! and! a! LS55!
Fluorescence!Spectrometer!(PerkinElmer)!equipped!with!a!xenon!arc!lamp!as!the!light!











for! the!corrected,! integrated! fluorescence!spectra,!A(λexc)!denotes! the!absorbance!at!








for! two! different! concentrations! of! CNDs! with! those! of! quinine! sulphate.! Quinine!






Time! resolved! photoluminescence! decay! traces! were! fitted! using! FluoFit! 4.4!
package!(Picoquant!GmbH).!In!all!cases,!PL!decay!traces!were!recorded!at!450,!460!and!
470!nm!emission!wavelengths,!and!the!three!decay!traces!were!fitted!globally!with!the!
decay! times! linked! as! shared!parameters,!whereas! the! pre5exponential! factors!were!
local! adjustable! parameters.! The! experimental! decay! traces! were! fitted! to! multi5
exponential! functions! via! a! Levenberg5Marquard! algorithm5based! nonlinear! least5
squares! error! minimization! deconvolution! method.! In! all! cases,! three! different!
exponential! terms! were! used! to! fit! the! experimental! decay! traces.! The! quality! of!
fittings!was!evaluated!by!the!reduced!chi5squared!method,!X2,!the!weighted!residuals!
and!the!correlation!functions.!In!all!cases,!the!best!fits!of!the!decay!traces!required!a!
sum!of! three! exponential! decay! functions! to! reach! low!X2! values! as!well! as! random!
distributions!of!the!weighted!residuals!and!auto5correlation!function,!indicators!of!the!
goodness! of! the! fits.! To! compare! the! emission! lifetime! of! the! different! CNDs! at!
different!concentrations!and!different!pH!media!it!was!necessary!to!determinate!their!
average!lifetime!using!the!equation!2:!
τave!=∑ai!τi2!/!∑ai!τi!! ! ! ! (eqn.!2)!
In! which,! ai! are! pre5exponential! factors! and! τi! the! lifetimes! obtained! in! the! multi5
exponential!fitting!of!the!decay!curves!of!CNDs!emission.!





through! a! polarizer! set! at! the!magic! angle,! and! a! 2! nm!bandwidth!monochromator.!
Fluorescence!decay!histograms!were!collected!using!a!TimeHarp200!board,!with!a!time!
increment!per!channel!of!36!ps,!at!the!emission!wavelengths!of!450,!460,!and!470!nm.!
The! histograms! of! the! instrument! response! function! (IRF)! was! determined! using!
LUDOX!scatterer,!and!sample!decays!were!recorded!until!they!typically!reached!2!×!104!
counts! in! the! peak! channel,! since! it! is!well! known! that! complex! decays! can! be!well!
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III.5.1 Heterogeneous% photocatalysis% with% Carbon% Nanodots% coupling% to% TiO2%
semiconductor%!
The! experimental! setups! will! be! divided! into! two! parts,! according! to! the!
irradiation!source:!(1)!Under! irradiation!of!visible! light,!Articles*2*and* 5,!system!used!
during! my! Postgraduate! Internship! at! the! Hong! Kong! University! of! Science! and!
Technology!(HKUST);!and!(2)!under!the! irradiation!of!selective!wavelenths!with! light5
emitting!diodes! (LEDs)! (LED!ENGIN,!LZ4!model)!at!740!nm!(red!LED),!Article* 5.!Thus,!









the! assays! were! sheltered! from! the! ambient! light.! A! small! fraction! of! the! stirred!










2.! Experimental! setup! for! photocatalytic! processes! under! NIR! light! LED!
irradiation!were!carried!out!suspending!0.6!mg!of!catalyst,!CNDs@TiO2!nanohybrids!or!
plain!TiO2!nanoparticles!as!control,!in!3!mL!of!0.025!mM!2,45DCP!solution!at!pH!around!
7! (final! concentrations! were! 0.025! mM! 2,45DCP! and! 0.2! mg! mL51! catalyst).! The!
suspensions!were!magnetically!stirred!under!dark!for!3!h,!prior!to!the!irradiation!with!
one! red! light! emitting! LED,! in! order! to! guarantee! the! establishment! of! an!
adsorption/desorption!equilibrium.!Temperature!was!kept!at!20522!oC!using!a!cooling!
system!Synjet®!coupled!to!a!LED!irradiating!device!(see!Figure!62)!and!the!assays!were!
sheltered! from! the!ambient! light.!Different! aliquots!of! 180!μL!were! taken!at! several!
selected! time! intervals.! Then,! the! sample! was! centrifugation! and! air! dried! to!
redissolved! in! 600! μL! methanol! (MeOH)! for! it! analysis! by! GC5MS,! following! the!
decreasing! of! the! maximum! absorption! peak! of! the! 2,45DCP! and! generation! of!
different! intermediates! (see! section! III.6.2).!All! the!photocatalytic!procedures!of! 2,45
DCP,! including! plain! TiO2! nanoparticles! and! others! control! approaches,! were!
performed! following! the! same! experimental! conditions.! At! least! three! assays! were!
carried! out! for! each! tested! solid! and! different! CNDs@TiO2! batches! were! tested! in!









ethylenediaminetetraacetic! acid! disodium! salt! (EDTA5Na2)! (a! hydroxyl! and! hole!
scavenger,! respectively)369!were!also!performed!to!assess! the! role!of! these!oxidative!
radicals! in! the! overall! degradation! of! 2,45DCP.! Thus,! the! experiments! photocatalytic!
procedures! as! previously! reported!was! carried!out! containing! ! 1mM!of! EDTA5Na2! or!
1mM!15butanol,!as!appropriate.!!












followed!by!addition!of!H2O2! (2!mM).!Different!aliquots!were! taken!at! selected! time!
intervals! and! analyzed! by! UV5Vis! spectroscopy! (V567,! Jasco! Company)! following! the!
decreasing!of!the!maximum!absorption!peak!of!the!dye!after!retrieval!magnetically!of!
the!catalyst.!The!pH!of!the!solution!was!adjusted!using!solutions!of!sulfuric!acid!(H2SO4,!
95587%,! Sigma5Aldrich)! and! sodium! hydroxide! (NaOH,! ACS! reagent,! ≥97%,! Sigma5
Aldrich).! All! the!MO! degradation! assays! were! sheltered! from! the! ambient! light! and!








Additionally,! a! set! of! experiments! to! indirectly! demonstrate! the! formation!of!
hydroxyl! radicals! and! their! active! role! in! the! MO! degradation! process! beyond! a!
reversible! photo5switching! mechanism! were! also! carried! out.! We! evaluated! the!
photocatalytic! mechanism! to! induce! the! generation! of! hydroxyl! radicals! with! the!
presence! of! increasing! concentrations! of! methanol! (MeOH)! (a! well5known! hydroxyl!
radical!scavenger)370!was!also!carried!out!for!the!most!favorable!conditions!(pH!=!2.8;!











The! detection! of! hydroxyl! radicals! (●OH)! under! irradiation! (depending! on! the!
excitation!source!used!in!the!experiment)!was!carried!out!with!the!aid!of!terephthalic!
acid! (TA,! 3! mL,! 5! mM) as! described! above,! which! selectively! reacts! to! generate! a!
fluorescent!product! (25hydroxy! terephthalic! acid)! emitting! at! ca.! 425!nm! (see!Figure!
67).!We#found#it#was#important#to#select#basic#conditions#(pH!∼!759)#or#alternatively#use$
disodium'terephthalate'(NaTA)'to'conduct'the'experiments'in'water'due'to'the'limited'
solubility) of) TA) in) water.) NaTA) is) a) non5fluorescent) molecule) that) may)
stoichiometrically-react-with-•OH#to#produce#its#fluorescent#derivative((see(Figure'64).!








systematically! evaluated! after! the! selective! irradiation! of! TiO2! and! CND@TiO2!
nanohybrids! with! different! LEDs! exciting! at! selected! wavelengths! from! the! UV5Vis!
(white!LED)!to!the!visible5NIR!ranges!(green!and!red!LEDs,!respectively),!see!Figure!64.!
Typically,!a!thermostatic!bath!and/or!a!cooling'system'Synjet®!coupled(to(LED(emitter!
were! also! set! at! 19522! oC! to! ensure! a! homogeneous! suspension! temperature! and!
discard!the! influence!of!water!evaporation!events!caused!by! local!overheating!of!the!
solution.! After! irradiation! at! different! time! intervals,! the! mixture! solution! was!
centrifuged! to! remove! the! catalyst! nanostructures.! The! fluorescence! emission!
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III.6.2 Degradation% of% reaction% intermediates% by% Gas% Chromatography% coupled% to%
Mass%Spectrometry%(GC,MS)%!
The! organic! pesticides! are! the!most!widespread! persistent! organic! pollutants!
used!in!agriculture!worldwide.!These!pollutants!are!able!to!move!in!the!environment!
and! in! low! concentrations! over! a! long! period! of! time,! but! through! bioaccumulation!
they!can!have!hazardous!effects!on!the!biota!of!the!region.!Therefore,!the!persistent!
chlorinated! organic! compound,! as! 2,45Dichlorophenol! (2,45DCP),! is! present! in!
numerous! pesticides! formulation.! The! use! of! photocatalytic! technologies! which! use!
sunlight!and!photocatalysts!to!break!down!potentially!harmful!organic!molecules!into!
simple! molecules! and! non5toxic.! So,! it! is! important! to! study! the! mechanism! of!
degradation!of!the!organic!molecule,!to!establish!which!intermediates!are!obtained.!
During! CND@TiO2! nanohybrids! photocatalytic! process! to! degradation! of! 2,45DCP,!
different! intermediates!are!generated! (Article* 5).!First,!aliquots!of! the!photocatalytic!






The!GC5MS! instrument! (GC5MS!Shimadzu!QP52010SE)!used! for! the!analysis!of!
reaction! intermediates!was!equipped!with!a!Zebron!capillary!GC!column!(30!m!x!250!
μm,! 0.25! μm).! A! NIST/EPA/NIH! mass! spectral! library! (NIST14)! was! used! for!
identification!of!m/z!values.!Helium!(purity>99.999%)!was!used!as!a!carrier!gas!with!a!
flow!rate!of!1.0!mL!min51,!and!a!1!μL!sample!was!injected!at!a!split!mode.!According!to!









of! peroxidases! involves! the! oxidation! of! an! electron5donor! substrate! with! the!
simultaneous!reduction!of!H2O2!or!occasionally!alkyl!hydroperoxide!(see!Figure!65Oa).!!
Horseradish! peroxidase! (HRP)! containing! the! iron! protoporphyrin! IX! cofactor!
(commonly!referred!to!as!the!heme!group)372!is!process!the!most!abundant!peroxidase!
isoenzyme,! which! functions! like! a! ping5pong! ball,! bouncing! back! and! forth! from! an!
intermediate! state! (E*)! to! its! ground! state! (E).! Consequently,! one! substrate! (A)!
converts!to!the!product!(C)!and!releases!before!the!second!substrate!(B)!binds!to!the!
enzyme.! The! overall! process! of! this! double! displacement! reaction! is! highlighted! in!
Figure!65Ob.!!
The! peroxidase5like! activity! of! a! desired! material! can! be! evaluated! by!
measuring! the! concentration! of! H2O2! using! a! vaiety! of! chromogenic! substrates.! In!
general,!the!peroxidase5catalyzed!oxidation!of!TMB!+!H2O2!system!involves!H2O2!using!
a! variety! of! chromogenic! substrates! such! as! hydroquinone,! 1,2,35trihydroxybenzene!




However,! owing! to! the! low! carcinogenicity! and! high! absorption! coefficient! of! its!
reaction!products,!TMB!serves!as! the!most5studied!chromogen! for!HRP!mimics331,! in!
acidic!and!neutral!conditions.!In!general,!the!peroxidase5catalyzed!oxidation!of!TMB!+!
H2O2! system! involves! two! electron! transfer! steps.! In! the! first! step,! a! one! electron!
oxidation! generates! a! TMB! radical! cation.! Two!of! these! intermediate! radical! cations!
then!form!a!blue5colored!charge5transfer!complex!(λ!=!370!&!652!nm),!a!diagnostic!for!


























of! the! peroxidase! substrate! TMB! in! the! presence! of! H2O2! (see! Figure! 66Ob).! The!
reactions!were!carried!out!in!2.0!mL!of!a!0.2!M!sodium!acetate!buffer!solution,!pH!7.4,!
containing!∼4!μgómL51!of! the!catalysts! in! the!presence!of!10!mM!H2O2!and!0.16!mM!
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TMB! as! the! substrates! (8! μL! of! 40! mM! TMB! and! 200! μL! of! 100! mM! H2O2,! stock!
solution,! respectively).! ! The! blue! solutions! appearing! along! with! the! reaction!
proceeding!were!monitored!in!time!scan!mode!at!652!nm!using!a!UV5Vis!spectroscopy!
equipment.!All!the!peroxidase!enzymatic!procedure,!includind!the!control!approaches,!
were! performed! following! the! same! experimental! conditions.! At! least! three! assays!
were!carried!out! for!each! tested!solid!and!different!catalysts!batches!were! tested! in!




All! kinetic! of! peroxidase5like! assays!were! carried!out! at! room! temperature! in!
2.0!mL!MW24! cell! culture! plates! and! irradiation!with! a! blue! LED! at! 405! nm.!Unless!
otherwise!stated,!a!0.2!M!NaAc!solution!(pH!7.4)!was!used!as!the!reaction!buffer!(total!
volume!=!2!mL).!The! reaction!kinetic!measurements!were!carried!out! in! time!course!
mode!by!monitoring!the!absorbance!variation!of!652!nm.!The!initial!experiments!were!
performed!with!4!μgómL51!of!LMS!nanostructures!in!the!presence!of!50!mM!H2O2!and!
using! TMB! as! the! substrate.! Additional! experiments! varying! TMB! and! H2O2!
concentrations! were! tuned! to! 0.0150.0250.0550.0850.1050512! mM! and! 105205305505
1005300!mM,!respectively.!After! the!addition!of!LMS!catalyst! to! the!substrates! (TMB!
and!H2O2),!the!absorbance!values!(with!especial!attention!to!the!maximum!at!652!nm)!
were!monitored!as!function!of!time!in!1!minute!intervals.!These!“absorbance!vs!time”!




1345.! The! plots! of! ν! against! substrate! concentrations! were! fitted! using! nonlinear!
regression! of! the! Michaelis5Menten! equation341.! The! apparent! kinetic! parameters!










The$ peroxidase5mimicking' activity' of' the' LMS' nanostructures' was' initially'
determined( from( their( catalytic( ability( to( decompose( H2O2! into% •OH# radicals.# A#
fluorimetric+method+ to+ detect+ the+ interaction) of) these) •OH# radicals# with# terephtalic#
acid% (TA)250!was$ selected$ and$ optimized! (see$ Figure'67).# It! is! important! to! note! that!
basic! pH! conditions! (759)! are! first! required! to! promote! the! stabilization! of! disodium!
terephthalate! (NaTA),! for! more! detail! see! section! III.6.1.!NaTA$ is$ a$ non5fluorescent+
molecule' that' may' stoichiometrically' react' with' •OH# to# produce# its# fluorescent#
derivative( (see# Figure' 68).# For# detecting# •OH,$ as5prepared! LMS$ (0.004$mg$mL51)"was"
redispersed' in' the' probe' NaTA' solution' (2' mL,' 5' mM).' After' irradiation! (typically) 5)
minutes)!with%a!blue5emitting'LED'at'405'nm,"the"mixture"suspension"was"centrifuged"
to# remove# the# solid# nanocatalysts.# The# fluorescence# emission# spectrum# of# the#









III.8 Experiment% to% evaluate% metal% ion% nanosensor% applications% of%
freestanding%Carbon%Nanodots%
III.8.1 Quenching%and%interference%experiments%for%detection%of%copper%!
The! quenching! by! copper! ions! (Cu2+)! was! initially! described! using! the! Stern5
Volmer!formalism!(see!equation!4),!where!I0!represents!the!PL!intensity!of!the!CNDs!in!
the!absence!of!Cu2+;! I! corresponds! the!PL! intensity!observed! in! the!presence!of!Cu2+!
and!KS5V!is!the!Stern5Volmer!constant373,!(Article*1).!
!
I0/I!=!1!+!KSOV![Cu2+]!! !! ! (eqn.!4)!
!
Although! a! linear! dynamic! response! could! be! determined! for! copper! (II)!
concentrations!between!0.1510!μM,!the!existence!of!a!downward!curvature!suggests!
that! all! the! surface! of! the! CNDs! are! not! equally! accessible! to! the! quenchers! or! an!







the! quenching! experiments,! CNDs! solutions! were! incubated! for! 15! minutes! with!
different!targeted!concentrations!of! ions!ranging!from!1x1059! to!1x1054!M.!Fe3+,!Hg2+,!
Pb2+,! Cd2+,! Ag+! and! Zn2+! ions! were! checked! individually! in! the! same! concentration!
ranges! and! as! crossed5interferences! in! the! presence! of! Cu2+! at! equimolar!










HeLa! cells,! and! the! somatic! cell! lines! (human! dermal! fibroblast! and! HaCat!
keratinocytes)!were! cultured! in!Dulbecco’s!modifies! Eagle’s!medium! (DMEM,!Gibco)!








assay!were! obtained! by! diluting! the! stock! solution! in! culture! cell!medium.! The! final!
concentration!of!water! in! the!medium!did!not!cause!any!osmotic! imbalance.!Human!
U251MG! glioma! cells! were! culture! in! Dulbecco’s! modifies! Eagle’s! medium! (DMEM,!
GIBCO)!with!10%!fetal!bovine!serum!(FBS,!GIBCO),!1%!penicillin/streptomycin!and!1%!




another! 24!h! in! contact!with! the!different! concentrations!of! CNDs.! For! studying! the!
citotoxicity! we! used! Alamar5Blue! assay.! This! method! is! based! on! the! reduction! of!
resazurin! to! resorufin! by! mitochondrial! oxidoreductases! (see! Figure! 68).! After! the!
























glioma! cells! were! used! and! cultured! as! mentioned! above.! Briefly,! cells! were!
subsequently! seeded! on! sterile! cover5slips! at! a! density! of! 50000! cells! per! well! and!
were!incubated!during!24!h!with!CNDs!(20!and!200!µg/mL).!Subsequently,!cells!were!
washed! twice! with! PBS! and! fixed! with! 4%! paraformaldehyde.! The! cover5slips! were!
mounted! and! the! samples! were! observed! in! an! Olympus! FV105i! OilType! confocal!
microscopy!with!a!laser!excitation!source!at!488!nm!and!analysed!with!the!microscopy!
software.!Analogous!settings!were!utilized!for!both!the!control!experiments!(without!
CNDs)!and! the! treated! samples.! Likewise,! the!experiments! for! the!NIR! imaging!were!
carried!out!with! the!aid!of! a! Leica! SP5!HyD!multi5photon!microscope! combining! the!
flexibility!of!confocal! imaging!with! the!deep!tissue! imaging!capability!of!multiphoton!




On!the!other!hand,! in! the!Article* 3,! four!different!cell! types!was!used!at! two!





well! and! were! incubated! during! 24! h! to! facilitate! substrate! adhesion.! After! that,!





excitation! source! at! 473! nm! and! analyzed!with! the!microscopy! software.! Analogous!





The! cell! death! study!by! generation!of!Reactive!Oxygen! Species! (ROS)!by!NIR5
activated! carbon! nanodots! was! based! on! cells! morphological! analysis! using! double!
labeling!with!annexin!V!and!propidium! iodide! (AV/IP),! that!allows!to!divide!cells! into!
four!populations:!live!cells!(negative!for!both!dyes),!necrotic!(AV5,!IP+),!early!apoptotic!
(AV+,! IP5)! and! late! apoptotic/necroptotic! cells! (positive! for! both! dyes).! In! summary,!
cells!were!incubated!with!the!CNDs!at!the!concentrations!of!100!and!400!µg/mL!and!
subsequently! irradiated! with! a! NIR! laser! (808! nm,! 2! W/cm2)! coupled! to! fiber!
collimation! (THOLABSS! F220SMA5780,! 780nm,! f=11.07mm)!during! 10!min.! Then,! the!
cell!viability!was!analyzed!with!an!ImageStreamX5Image!flow!cytometry!(Amnis,!Seatle,!
WA).!This!flow!cytometry,!has!integrated!3!lasers!and!a!microscopy!(60x!magnification)!
to!simultaneously!produce!12! images!of!each!cell!directly! in! flow,!at! rates!exceeding!






results!were!analyzed!using! IDEAS®! software! that!allows! the!differentiation!between!
late! apoptotic! and! necroptotic! populations! through! “Contrast_Morphology! vs!
Intensity_Threshold”!morphocytometric!parameters!separation.!
!
III.9.5 In* vitro% evaluation% by% flow% cytometry% of% the% production% of% reactive% oxygen%
species%(ROS)%by%Carbon%Nanodots%under%NIR%irradiation%!
III.9.5.1 Evaluation*of*Hydrogen*peroxide*and*Superoxide*radical*!
The! intracellular! general! ROS! production! was! detected! by! the! oxidation5
sensitive! fluorescent! probe! dye.! Specifically,! hydrogen! peroxide! production! was!
measured!using:! (a)!Dihydrorhodamine!123! (DHR,!Sigma5Aldrich);!and! (b)! superoxide!






Superoxide! radical! anion! (•O25)! is! a! free! radical! formed! by! single! electron!
donation!to!oxygen.!Like!all!free!radical,!it!is!highly!reactive!and!will!dismute!rapidly!to!
H2O2.!Here!we!propose! two! selective!methods! for! the!detection!of! these! radicals! in!
cells!by!flow!cytometry:!











(b)! HE! has! been! used! as! a! fluorescent! probe! for! detecting! •O25! due! to! its!
reported! relative! specificity! for! this!ROS.! Indeed,!HE! is! the!most!popular! fluorogenic!
probe!used!for!detecting!intracellular!these!radical.!The!reaction!between!superoxide!
and!HE!generates!a!highly!specific!red!fluorescent!product,!25hydroxyethidium!(25OH5
E+).! Although! there! is! controversy! in! this,! since! it! has! been! discussed! about! the!
formation! of! another! red! fluorescent! porduction,! the! ethidium! (E+),! in! biological!
systems.!HE,!a!two5electron!reduction!product!of!ethidium!(E+),!was!thought!to!react!
specifically! with! the! superoxide! radical! anion! (•O25)! and! get! oxidized! back! to! E+.!
However,!recently,!Kalyanaraman!et!al.374!found!that,!in!a!pure!superoxide5generating!
enzymatic!system,!HE!was!not!oxidized!to!E+;!rather,!a!hydroxylated!product!that!has!








Briefly,! U251MG! were! seeded! onto! 485well! microplate! and! incubated! with!
CNDs!at!two!different!concentrations!(100!and!400!µg/mL)!during!24!h.!After!that,!cells!
were! irradiated!during!10!min!using!a!NIR! laser! (808!nm,!2!W/cm2)! coupled! to! fiber!
collimation! (THOLABSS! F220SMA5780,! 780nm,! f=11.07mm),! as! shown! in! Figure! 71.!
Subsequently,! cells! were! stained! with! DHR123! or! HE,! and! cellular! fluorescence!
intensity! was! analyzed! with! an! ImageStreamX! image! cytometer,! measuring! the!
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Nitrogen-Induced Transformation of
Vitamin C into Multifunctional Up-
Converting Carbon Nanodots in the
Visible–NIR Range
Luminescent carbon nanolights de-
rived from ascorbic acid (vitamin C) and
N-doped with amine groups offer a se-
lective quenching response towards
copper (“ionic asteroids”) even in the
presence of other interfering “ionic-
planet entities”. Other interesting prop-
erties include their potential use as pH
sensors or as biocompatible labels in
the visible–NIR range. More information
can be found in the Full Paper by J. L.
Hueso et al. on page&& ff. (DOI:
10.1002/chem.201604216).
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Nitrogen-Induced Transformation of Vitamin C into
Multifunctional Up-converting Carbon Nanodots in the Visible–
NIR Range
M. Carmen Ortega-Liebana,[a, b] M. Mar Encabo-Berzosa,[a, b] M. Jose Ruedas-Rama,[c] and Jose
L. Hueso*[a, b]
Abstract: Water-soluble, biocompatible, and photolumines-
cent carbon nanodots have been obtained from the rational-
ized carbonization of vitamin C, a well-known antioxidant
molecule in the presence of an amine co-reactant. Herein,
we describe the positive influence of N-doping to induce
a unique pH-dependent lifetime decay response that would
be potentially attractive in biological backgrounds with in-
trinsic fluorescence fluctuations. In addition, the selectivity
and sensitivity of the N-containing carbon nanoprobes to-
wards the detection of copper ions at ppm levels is critically
enhanced in comparison with the un-doped counterpart, es-
pecially in the near-infrared (NIR) range. Finally, the up-con-
verting properties have been also successfully applied to
image tumor cells in the visible range and remarkably, in the
NIR region in which minimal tissue or water absorption and
maximum penetration depth are expected.
Introduction
Semiconducting quantum dots (QDs) and up-converting rare-
earth-based nanoparticles (UCNPs) represent two of the most
widespread fluorescent systems successfully developed for
sensing and imaging applications.[1,2] Recently, new types of lu-
minescent carbon-based structures including graphene dots,
carbon nanotubes (CNTs) or carbogenic nanodots (hereafter
CNDs) have emerged as competitive alternatives to overcome
the major concerns arising from QDs and UCNPs:[3–13] i) the in-
herent toxicity of certain components that burdens their bio-
medical applications; a threat on both biological and environ-
mental levels, ii) the requirement of multiple and tedious steps
during synthesis and purification, iii) the requirement of high-
boiling solvents and ligand exchange to make them water-
soluble or optically active in the near-infrared (NIR) range. In
this regard, CNDs exhibit appealing properties such as an inex-
pensive and abundant variety of potential precursors, high re-
sistance to photo-bleaching, wide emission spectra in the
whole UV/Vis–NIR range, good colloidal stability in water and
minimal cytotoxicity. Remarkably, certain types of CNDs have
also shown up-converting properties to convert longer wave-
length radiation from the NIR range into shorter wavelength
emitting in the visible range thereby expanding the potential
application of these carbogenic dots in bioimaging, sensing,
photocatalysis, solar cells and theranostics.[3, 14–29]
Different bottom-up and top-down synthetic approaches
have been recently developed and reviewed elsewhere.[30–33]
Among them, the hydrothermal carbonization of low-cost raw
materials is considered as one of the most simple, straightfor-
ward and cost-effective methods to successfully obtain CNDs.
Furthermore, the simultaneous or subsequent addition of co-
reactants containing N, P or S groups has been identified as
a crucial step to provide CNDs with up-converting properties,
even though the origin of such optical behavior is not fully un-
derstood yet.[5, 34] Nevertheless, there is still room to further ex-
plore and optimize the full potential of these nanomaterials
and their applications. Herein, we report on the effect of
adding ethanolamine (EN) as a co-reactant containing a short
chain terminal amine group during the hydrothermal carboni-
zation of vitamin C (ascorbic acid (AA)). Interestingly, we have
observed a different and sensitive optical response upon pH
variations or as selective probe for copper ion detection in
comparison with its un-doped counterpart. Furthermore, the
presence of N species has also enabled an up-converting re-
sponse successfully applied to the direct imaging of cells in
the NIR window in which minimal tissue damage or water ab-
sorption and maximum penetration depth is expected.[35,36]
[a] M. C. Ortega-Liebana, M. M. Encabo-Berzosa, Dr. J. L. Hueso
Department of Chemical Engineering and Environmental Technology
Institute of Nanoscience of Aragon (INA)
University of Zaragoza, 50018 Zaragoza (Spain)
E-mail : jlhueso@unizar.es
[b] M. C. Ortega-Liebana, M. M. Encabo-Berzosa, Dr. J. L. Hueso
Networking Research Center on Bioengineering
Biomaterials and Nanomedicine (CIBER-BBN), 28029 Madrid (Spain)
[c] Dr. M. J. Ruedas-Rama
Department of Physical Chemistry, Faculty of Pharmacy
University of Granada, 18701 Granada (Spain)
Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under http://dx.doi.org/10.1002/
chem.201604216.
Chem. Eur. J. 2017, 23, 3067 – 3073 ⌫ 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim3067
Full PaperDOI: 10.1002/chem.201604216
Results and Discussion
Synthesis and morpho-chemical characterization of the
CNDs
The hydrothermal synthesis of the CNDs is summarized in the
Scheme 1 and further detailed in the Experimental Section. A
first synthesis of CNDs was carried out in the absence of the
amine precursor (hereafter labelled as CND, see Scheme 1) to
clearly establish the influence of adding N species during the
carbonization of AA (hereafter denoted as N-CNDs, Scheme 1).
Typically, an aqueous solution containing 10 mL of a 1m so-
lution of the organic precursor (AA or EN/AA 3:1 molar ratio)
was mixed and magnetically stirred in a beaker for 10 minutes
and then transferred into a Teflon-lined stainless-steel auto-
clave that was heated at 250 8C for 4 hours. Figure 1a/b shows
the morphologies and particle size distributions obtained by
transmission electron microscopy (TEM) after purification (see
Experimental Section). The CNDs retrieved from the hydrother-
mal carbonization of AA exhibited a quite homogeneous size
distribution of 5.6⌃1.1 nm (see Figure S1, Supporting Informa-
tion) whereas the N-CNDs rendered smaller mean diameters of
3.3⌃1.7 nm (see Figure S2, Supporting Information).
The evaluation of the surface chemistry carried out by XPS
showed an enrichment of nitrogen-containing groups in the N-
CNDs with two main contributions centred at around 399 and
401 eV, respectively (Figure 1d). The former contributions have
been previously assigned to N species present in terminal and
bridge positions of carbon networks (-C-N-H/-C-N-C).[37] Like-
wise, the latter contribution is attributable to pyrrol-type rings
(N5) or alternatively to the presence of protonated primary
amines (-NH3
+).[38] These N-species accounted for up to 6% of
the atomic composition at the surface level in comparison
with the undoped CNDs (Figure 1d). The O1s region revealed
an increment of the fraction of oxygen species bonded to
carbon species with sp3 configuration (typically aliphatic) at
around 531 eV.[37] Finally, the evaluation of the C1s regions (Fig-
ures S3 and S4, Supporting Information) and additional FT-IR
spectroscopic analyses (Figure S5, Supporting Information)
confirmed the presence of multiple C=O, CˇO and CˇOH sur-
face groups. Interestingly, the absence of amide bond signa-
tures also corroborated that N is predominantly present in the
N-CNDs as dopant or as terminal amine group. The role of
amine precursors with shorter alkyl chains as N-doping inducer
has been also claimed in previous works.[39]
Optical properties of the CNDs: up-conversion and
pH-dependent lifetime decays
Figures 2a/b show the wavelength-dependent photo-lumines-
cent (PL) response of both carbon nanoparticles. A tunable PL
emission downshifting from blue to green has been observed
at longer excitation wavelengths and correspond to the ex-
pected behavior of a semiconducting quantum dot (see
Scheme 1, chart A). This down-conversion has been more ac-
cused in the un-doped CNDs thereby accounting for a narrower
and more homogeneous size and composition distribution
with predominant response in the UV region and quantum
yields (QYs) of 12% using quinine sulfate as reference (see Ex-
perimental Section). Remarkably, the N-CNDs exhibited up-con-
version capabilities after the excitation in the NIR range (Fig-
ure 2b) and slightly higher QY values of 15%. In contrast, mini-
mal or negligible PL response was detected in the 500–700 nm
range in which absorption events to induce down- or up-con-
version were minimized for both samples. Although the under-
lying mechanism has not been fully understood yet, it has
Scheme 1. Hydrothermal carbonization of ascorbic acid at 250 8C in the ab-
sence and the presence of ethanolamine to obtain un-doped (CNDs) and N-
modified carbon nanodots (N-CNDs). The colored charts (right) display the
down-conversion and up-conversion mechanisms for each type of lumines-
cent carbon dot.
Figure 1. a) TEM image of the un-doped carbon dots synthesized with ascor-
bic acid. b) TEM image of the N-doped carbon dots modified with ethanola-
mine. c) XP spectra and fittings corresponding to the O1s region for both
doped and un-doped CNDs. d) XP spectra and fittings corresponding to the
N1s region for both CNDs.
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been claimed that N atoms can provide additional energy
levels to accommodate intermediate electronic transitions
upon excitation with longer wavelength photons and favor the
absorption of a second photon prior to the radiative recombi-
nation decay and facilitate the final emission of a single
photon at shorter wavelengths (Figure 2b and Scheme 1,
Chart B).
Another important effect of the addition of ethanolamine as
co-reactant was observed in the variation of the time-resolved
PL emission decays (Figures 2c/d). These PL decays are corre-
lated with the radiative and non-radiative pathways that an ex-
citon undergoes to achieve electron-hole recombination and
can be modified by changes on the surface environment.[1,40]
The N-CNDs exhibited longer average PL lifetimes of 8.23⌃
0.06 ns in comparison with the PL lifetime averages of 2.24⌃
0.01 ns of the un-doped nanoparticles. A sum of three-expo-
nential functions was required to adjust the PL decay traces
(see also Experimental Section). The shortest fitting compo-
nents have been previously attributed to intrinsic recombina-
tion of populated core states whilst the longer (slower) fitting
components have been usually attributed to surface defects
that give rise to trap and surface states. The major contribution
of these latter components in the N-CNDs account for the in-
duced variation at their surface composition as also suggested
from XPS analysis (Figure 1). After the exponential fitting analy-
ses of the PL decays, the intensity-weighted average lifetime
(tave) were calculated at different pH values (see Tables S1 and
S2, Supporting Information). Interestingly, the calculated tave of
the N-CNDs showed a dependency on the pH value of the
media, decreasing from 8.8 ns at alkaline conditions (pH>8) to
7.6 ns when the pH was set below 4.5 (see inset in Figure 2d).
A linear response was identified in the pH range 4.5–8.0, at
which a great potential application for pH determination in
biological samples such as endosomes (pH 5–6.5) or some
tumour cells (pH 6.4–6.9) can be envisioned.[1,40]
Although this linear range is similar to other pH-related
nanosensors,[1] the measurements based on average lifetimes
offer several advantages in comparison with fluorescent-based
analyses, especially in terms of the acquisition of a reliable and
unique signal regardless of the CNDs local concentration
changes and the fluctuations associated to the intrinsic back-
ground fluorescence typically observed in biological samples.
This fact minimizes the requirement of ratiometric nanop-
robes[24] or multi-channel/multi-color detection systems[40] and
provides the N-CNDs with a remarkable potential for pH sens-
ing applications.[24]
Selective detection of copper ions in the visible-NIR range
The carbon dots were also systematically investigated as po-
tential nanoprobes for the detection of ions and the presence
of the amine co-reactant rendered an enhanced selective re-
sponse towards the presence of copper ions (Figures 3a/b) in
Figure 2. a) UV/Vis absorbance spectrum and wavelength-dependent photo-
luminescence emission spectra of the un-doped CNDs. b) UV/Vis absorbance
and wavelength-dependent photoluminescence emission spectra of the N-
CNDs displaying both down and up-conversion. c) Time-resolved fluores-
cence-decay curve of the un-doped CNDs exciting at 470 nm (inset: evolu-
tion of the average lifetimes at different pH values). d) Time-resolved fluores-
cence-decay curve of the N-CNDs exciting at 470 nm (inset: pH-dependent
evolution of the average lifetime).
Figure 3. a) Photoluminescence spectra of N-CNDs in the presence of differ-
ent concentrations of Cu2+ (lexc=400 nm) in aqueous media. b) Scheme of
the PL quenching effect induced by the presence of copper ions. c) Selectivi-
ty of the N-CNDs for Cu2+ in comparison with other tested ionic species
(lexc=400 nm). d) Collisional quenching of the PL intensity of the CNDs by
Cu2+ using the Stern–Volmer formalism and its modified approximation con-
sidering a fractional accessibility of quenchers (inset). e) PL response of the
N-CNDs in the presence of Cu2+ and a second interference ion (equimolar
concentrations of 10 mm). Excitation wavelengths selected at 400 nm and
740 nm, respectively. f) Evaluation of the preferential interference of Fe-II
ions at concentrations higher than 30 mm and how the inner filter effect can
be dramatically diminished upon excitation at 740 nm, taking advantage of
the up-converting capabilities of the N-CNDs.
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comparison with the un-doped CNDs. The N-CNDs showed
a selective quenching efficiency in the presence of Cu2+
whereas the other selected ionic species did not cause any sig-
nificant change in the fluorescence intensity of the N-CNDs for
the evaluated concentrations (up to 10ˇ4m) (Figure 3c). Only
the presence of Fe3+ ions caused certain optical changes or in-
terference at concentration levels higher than 3î10ˇ5m when
using an excitation wavelength of 400 nm (Figures 3e/f). This
influence has been previously attributed to inner filter ef-
fects[41] caused by its strong absorption in that wavelength
range and in the case of our up-converting N-CNDs could be
minimized after selecting an excitation wavelength of 740 nm
(Figure 3 f).[3] The quenching mechanism was described by the
Stern–Volmer formalism and a modified approximation ac-
counting for a fractional accessibility of the quenchers[42] (Fig-
ure 3d and Experimental Section). A linear response range to-
wards the Cu2+ detection was determined between 0.1–10 mm
(Figure 3d) with a limit of detection of 0.1 mm and a 44% of
accessible fraction to quenchers (see Experimental Section).
This response as selective nanoprobe for copper ions fits
within the range of previously reported fluorescent nanoparti-
cles[3,18,41,43, 44] and meets the detection limit criteria established
by the environmental protection agency (EPA) as a priority pol-
lutant.[2, 3, 43,44]
Evaluation as biocompatible cell biomarkers in the visible-
NIR range
Finally, taking into account the greater biocompatibility of
carbon nanodots in comparison with other nanostructured
semiconductors containing heavy metals, the N-CNDs were
also successfully evaluated as fluorescent biomarkers of
U251MG glioma cells both under visible and near-infrared exci-
tation sources (Figure 4 and Supporting Information Figure S6).
The N-CNDs exhibited good cell permeability, minimal cytotox-
icity at concentration levels below 0.5 mgmLˇ1 (Figure S7, Sup-
porting Information) and a remarkable fluorescent signal upon
multiphoton excitation at 740 nm thereby corroborating the
up-converting response of the N-CNDs and opening an impor-
tant synthetic alternative to expensive and less stable NIR dyes
and the potential capability to monitor multiple cell processes
and induce therapeutic treatments with minimal tissue damag-
es and maximum penetration depth.
Conclusion
In this study, we have shown a simple and cost-effective hy-
drothermal assisted method to induce the transformation of vi-
tamin C (ascorbic acid) into multifunctional carbon nanodots
with different and appealing optical properties such as ex-
panded photoluminescence in the visible-NIR range (down
and up-conversion behavior) for cell bioimaging, pH depen-
dent lifetime decay response or enhanced selectivity towards
the detection of copper ions, even in the presence of highly in-
terfering ion counterparts such as iron that can be selectively
minimized in the NIR detection range. Furthermore, the crucial
influence of ethanolamine in the N-doping process of the




L-Ascorbic acid (AA), ethanolamine (EN), lead (II) nitrate (Pb(NO3)2),
cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O), iron (III) sulfate
monohydrate (Fe2(SO4)3), silver nitrate (AgNO3), zinc sulfate hepta-
hydrate (ZnSO4·7H2O), mercury (II) chloride (HgCl2) and copper (II)
sulfate (CuSO4) were obtained from Sigma–Aldrich. All chemicals
were of analytical purity grade. 10 KDa molecular weight cut off
(MWCO) membranes (Amicon Ultra-15, Millipore) were also ob-
tained from Sigma–Aldrich.
Synthesis and purification of carbon dots
To synthesize the un-doped carbon nanodots, 1m solution of L-as-
corbic acid, as the carbon source, and 10 mL triple distilled water
were mixed in a beaker with a magnetic blender, the solution was
then transferred into a 25 mL Teflon-lined stainless-steel autoclave
and was heated at a constant temperature of 250 8C for 4 hours.
The resulting solution was cooled at room temperature and was
centrifuged at 6000 rpm for 10 min to remove agglomerated parti-
cles. The supernatant containing carbon nanomaterials was filtered
through a 0.10 mm PTFE membrane (WhatmanTH) membrane to fur-
ther remove large particles. The brownish yellow supernatant was
then dialyzed against ultrapure water through a dialysis membrane
for 5 h. An analogous procedure was carried out to synthesize the
N-doped carbon nanodots but replacing the initial 1m solution of
L-ascorbic acid by a solution containing a 3:1 molar ratio (ethano-
lamine :ascorbic acid). These synthesis conditions correspond to
the minimum reaction times and temperatures at which both
CNDs and N-CNDs were obtained. Lower T or times failed to re-
trieve homogeneous and reproducible luminescent nanocarbons
with the desired optical response. Higher ENconcentrations did not
render a successful generation of carbogenic dots.
Characterization techniques
The morphologies and particle size distributions were determined
by transmission electron microscopy (TEM) (FEI Tecnai T20 and F30,
Figure 4. Confocal fluorescence imaging of human U251MG glioma cells :
a) Control without carbon dots and b) after 24 h incubation with N-CNDs
(0.02 mgmLˇ1) and exciting at 488 nm. c) Control and d) after 24 h incuba-
tion with N-CNDs (0.2 mgmLˇ1) and multi-photon excitation at 740 nm. All
the scale bars correspond to 50 mm.
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operated at 200–300 kV, respectively). To prepare the samples, the
nanoparticle suspensions were diluted with water prior to casting
on a holey carbon TEM grid. The functionalization of the CNDs sur-
face was analyzed by Fourier transform infrared (FTIR) spectrosco-
py (Bruker Vertex 70 FTIR spectrometer) and X-ray photoelectron
spectroscopy (XPS) with an Axis Ultra DLD (Kratos Tech.). A mono-
chromatic Al ka source (1486.6 eV) was employed with multiple
runs at 12 kV, 10 mA and pass energy of 20 eV was used. The bind-
ing energies were calibrated to the internal C1s (284.2 eV) stan-
dard. Analyses of the peaks were performed with CasaXPS soft-
ware, using a weighted sum of Lorentzian and Gaussian compo-
nent curves after Shirley background subtraction. Steady-state fluo-
rescence emission spectra were collected on a JASCO FP-6500
spectrofluorometer equipped with a 450 W xenon lamp for excita-
tion, with temperature controller ETC-273T at 25 8C, using 5î
10 mm cuvettes and a LS55 Fluorescence Spectrometer (PerkinElm-
er) equipped with a xenon arc lamp as the light source and
a quartz cell (10î10 mm). The excitation wavelengths used in the
experiments to record the emission spectra were 400 and 740 nm.
Both excitation and emission slits were 3 nm. Fluorescence decay
traces of the different CNDs were recorded in the Time Correlated
Single Photon Counting (TCSPC) mode using the FluoTime 200 flu-
orometer (PicoQuant, GmbH). Briefly, the samples were excited by
a 405 nm Picosecond Pulsed Diode Laser (Edinburgh EPL405) with
a 10 MHz repetition rate. The full width at half maximum of the
laser pulse was around 90 ps. The fluorescence was collected after
crossing through a polarizer set at the magic angle, and a 2 nm
bandwidth monochromator. Fluorescence decay histograms were
collected using a TimeHarp200 board, with a time increment per
channel of 36 ps, at the emission wavelengths of 450, 460, and
470 nm. The histograms of the instrument response function (IRF)
was determined using LUDOX scatterer, and sample decays were
recorded until they typically reached 2î104 counts in the peak
channel, since it is well known that complex decays can be well
described by the simplest exponential models if the fitting is car-
ried out from experimental data with a low number of CPC.
Quantum yield calculations
The fluorescence quantum yields F of the different CNDs in aque-
ous solution were computed according to Eqn. 1.[45]
FS à FR ⇥ FS ⇥ 1ˇ 10ˇARÖlexcÜ
ˇ  ⇥ n2S=
FR ⇥ 1ˇ 10ˇASÖlexcÜ
ˇ  ⇥ n2R Ö1Ü
The subscript S refers to the CND samples, R stands for the select-
ed reference fluorophore (quinine sulfate, 0.1m H2SO4) with known
quantum yield (0.54), F stands for the corrected, integrated fluores-
cence spectra, A(lexc) denotes the absorbance at the used excita-
tion wavelength lexc, and n represents the refractive index of the
solvent. To minimize inner filter effects, the absorbance at the exci-
tation wavelength lexc was kept under 0.1. The measurements
were performed using 10 mm optical path length cuvettes under
right-angle (L-) arrangement and “magic angle” conditions. The
averages and standard uncertainties of F are computed from inde-
pendent F measurements (2 conc. of sampleî2 conc. of refer-
enceî2 excitation wavelengths lexc).
Time-resolved photoluminescence decays at different pH
values
Time resolved photoluminescence decay traces were fitted using
FluoFit 4.4 package (Picoquant GmbH). In all cases, PL decay traces
were recorded at 450, 460 and 470 nm emission wavelengths, and
the three decay traces were fitted globally with the decay times
linked as shared parameters, whereas the pre-exponential factors
were local adjustable parameters. The experimental decay traces
were fitted to multi-exponential functions via a Levenberg–Mar-
quard algorithm-based nonlinear least-squares error minimization
deconvolution method. In all cases, three different exponential
terms were used to fit the experimental decay traces. The quality
of fittings was evaluated by the reduced chi-squared method, c2,
the weighted residuals and the correlation functions. In all cases,
the best fits of the decay traces required a sum of three exponen-
tial decay functions to reach low c2 values as well as random distri-
butions of the weighted residuals and auto-correlation function, in-
dicators of the goodness of the fits (Figures S8 and S9 for CND
and N-CND respectively, Supporting Information). To compare the
emission lifetime of the different CNDs at different concentrations
and different pH media it was necessary to determinate their aver-







in which ai are pre-exponential factors and ti the lifetimes obtained
in the multi-exponential fitting of the decay curves of CNDs emis-
sion.
Quenching and interference experiments for detection of
copper
The quenching by Cu2+ ions was initially described using the
Stern–Volmer formalism (see Eqn. 3), in which I0 represents the PL
intensity of the N-CNDs in the absence of Cu2+ ; I corresponds the
PL intensity observed in the presence of Cu2+ and KS–V is the
Stern–Volmer constant.
I0=I à 1á KSˇV âCu2áä Ö3Ü
Although a linear dynamic response could be determined for
copper (II) concentrations between 0.1–10 mm, the existence of
a downward curvature suggests that all the surface of the CNDs
are not equally accessible to the quenchers or an uneven function-
al group distribution. Therefore, a modified Stern–Volmer model
(Eqn. 4) was used to assess whether only a fraction of Cu2+ was
being quenched[42,46]
I0=DI à 1=Öf aKa âCu2áäÜ á 1=f a Ö4Ü
in which DI= (I0ˇI), fa is the fraction of initial fluorescence that is
accessible to the quencher and Ka is the Stern–Volmer quenching
constant of the accessible fraction. For the quenching experiments,
CNDs were incubated for 15 minutes with different targeted con-
centrations of ions ranging from 1î10ˇ9 to 1î10ˇ4 m. Fe3+ , Hg2+ ,
Pb2+ , Cd2+ , Ag+ and Zn2+ ions were checked individually in the
same concentration ranges and as crossed-interferences in the
presence of Cu2+ at equimolar concentrations of 1 and 10 mm. The
samples were systematically excited at 400 nm and 740 nm.
Cell viability assays
The N-CNDs solutions used in the assay were obtained by diluting
the stock solution in culture cell medium. The final concentration
of water in the medium did not cause any osmotic imbalance.
Human U251MG glioma cells were culture in Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO) with 10% fetal bovine serum (FBS,
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GIBCO), 1% penicillin/streptomycin and 1% amphotericin over-
night. Then, cells were seeded into 96-well culture plate at a con-
centration of 7î103 cells per well in 100 mL of the above medium.
After incubation at 37 8C in a 5% CO2-humidified incubator for
24 h, the medium was changed to 100 mL medium with C-dots
(500 to 37.5 mgmLˇ1 (serial dilutions)) and cells were cultured for
another 24 h in contact with the different concentrations of N-
CNDs. For studying the citotoxicity we used Alamar-Blue assay (In-
vitrogen). This method is based on the reduction of resazurin to re-
sorufin by mitochondrial oxidoreductases. After the N-CNDs incu-
bation we removed the medium and washed with PBS. Then, cells
were treated with 10% (v/v) of resazurin dye reagent prepared in
DMEM medium. The plate was then placed in a 37 8C/5% CO2 incu-
bator for 3 h. After that, the plate was read at 530 nm excitation
and 590 nm emission wavelengths using a Synergy HT (Biotek)
plate reader. Results are represented as percentage of the control
(cells without N-CNDs treatments).
Cell cultures and confocal microscopy bioimaging in the
visible–NIR ranges
N-CNDs were diluted to 0.5 mgmLˇ1 concentrations for a stock so-
lution. The N-CNDs solutions used in the assays (0.05 and
0.2 mgmLˇ1) were obtained by diluting the stocks solution in cul-
ture cell medium. The final concentration of water in the medium
did not cause any osmotic imbalance. Human U251MG glioma
cells were cultured in Dulbecco’s modifies Eagle’s medium (DMEM,
GIBCO) with 10% fetal bovine serum (FBS, GIBCO), 1% penicillin/
streptomycin and 1% amphotericin overnight. Cells were subse-
quently seeded on sterile cover-slips at a density of 50000 cells
per well and were incubated during 24 h with the N-CNDs (0.05
and 0.2 mgmLˇ1). Subsequently, cells were washed twice with
Phosphate Buffer Solution (PBS) and fixed with 4% paraformalde-
hyde. The cover-slips were mounted and the samples were ob-
served in an Olympus FV10-i OilType confocal microscopy with
a laser excitation source at 488 nm and analysed with the micros-
copy software. Analogous settings were utilized for both the con-
trol experiments (without N-CNDs) and the samples. Likewise, the
experiments for the NIR imaging were carried out with the aid of
a Leica SP5 HyD multi-photon microscope combining the flexibility
of confocal imaging with the deep tissue imaging capability of
multiphoton (or two-photon) microscopy. The titanium–sapphire
infrared laser was tuned and optimized at 740 nm.
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Luminescent carbon nanodots (CNDs) have been obtained by hydrothermal processing of ascorbic acid (AA) and
ethanolamine (EN). The resulting N-doped carbon nanostructures exhibit interesting and tunable emission capa-
bilities with a dual behavior as down-converters and more importantly, as up-converting quantum dots. Herein,
we also evaluate the optical response of these CNDs to selectively generate highly reactive oxidative hydroxyls
(•OH) upon irradiation with different light-emitting diodes (LEDs) in the visible–NIR range. Finally, the role of
the N-doped CNDs as nano-sensitizers to maximize the solar light harvesting and expand the photo-catalytic
response of a commonly used UV-active catalyst such as TiO2 was successfully tested in the degradation of an
organo-chlorinated compound under visible light.









Research on photo-luminescent semiconducting nanomaterials,
generally defined as quantum dots (QDs), has attracted a vast interest
and experienced rapid development in the last decades, due to their
promising and diverse potential applications in optoelectronics and
bio/nano-technology. Most recently, the interest of QDs is also focusing
on the development of novel carbon-based materials with narrow size
distributions below 10 nm, that maintain an analogous and tunable
wavelength-dependent optical response associated to quantum con-
finement and surface state emissions [1–8]. These carbon-based
nanoparticles represent a new type of fluorescent nanomaterials that
include fluorescent carbon nanotubes (CNTs), graphene quantum dots
(GQDs), nanodiamonds and carbon nanodots (CNDs). The latter family
of carbon nanoparticles is generally formed by less ordered structures
with a different ratio of carbon backbone and surface groups depending
on the preparation method (generally a bottom-up approach that in-
cludes a variety of polymerization and carbonization processes of
small organic molecules depending on the synthesis conditions) [2].
Nowadays, CNDs are attracting a strong interest as a valid alternative
to conventional quantum dots due to their lower fabrication costs,
lower intrinsic toxicity and greater availability. Furthermore, CNDs
exhibit superior versatility for surface chemical modification and great
stability in multiple solvents, including the aqueous media for potential
bio-applications [9–15].
Remarkably, some CNDs have recently shown unique capabilities as
up-converting nanomaterials being able to sequentially absorb two or
more longer wavelength photons that are emitted as shorter wave-
length (andmore energetic) photons [16–18]. This nonlinear optical re-
sponse, traditionally observed in certain organic dyes or in inorganic
lanthanide nanocrystals, has widened the potential application of
CNDs in biologically related processes as biomarkers [10,19,20], biosen-
sors [21] or Photodynamic Therapy (PDT) agents working in the NIR
window where minimal background signal and deeper tissue penetra-
tion are ensured [2]. Furthermore, the potential use of CNDs as sensi-
tizers of photo-catalytic supports [22–26] (typically TiO2) has been
also recently explored as alternative to direct carbon-doping or carbon
coating of TiO2 [27–34].
In the present work, we describe the successful synthesis of CNDs
obtained after a hydrothermal heating process of ascorbic acid (AA)
and ethanolamine (EN). These CNDs have been characterized and
have shown appealing up-converting properties, most probably
induced by the presence of N atoms doping the generated carbon nano-
particles. Furthermore, we have indirectly confirmed the up-converting
capabilities of the CNDs after their assembly on commercial anatase
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supports and their irradiation with different broad spectrum illumina-
tion sources. Interestingly, an improved generation of hydroxyl radicals
and an expanded photo-catalytic response towards the degradation of
2,4-dichlorophenol (a persistent organo-chlorinated pesticide) have
been observed in the visible–NIR range.
2. Materials and methods
2.1. Chemicals
L-Ascorbic acid (AA), ethanolamine (EN), anatase TiO2, terephthalic
acid (TA) and 2,4-dichlorophenol (2,4-DCP) were purchased from
Sigma-Aldrich (analytical grade) and used without further purification.
2.2. Synthesis of carbon nanodots and assembly on TiO2 supports
CNDswere synthesized by hydrothermal processing of AA and EN. A
1:3molar ratio solution of both organic precursors (1M)wasmixed and
magnetically stirred in a beaker for 10 min. Later on, the solution was
transferred into a Teflon-lined stainless–steel autoclave and heated at
250 °C for 4 h (Fig. 1). The resulting suspension was cooled down to
room temperature, centrifuged and filtered through a 0.10 μm PTFE
membrane (WhatmanTH) to remove larger aggregates. The resulting
brownish yellow suspension contained the carbon nanodots andwas la-
beled as AAEN and stored at 8 °C. An aliquot of the AAEN CNDs (2 mL;
1.5 mg L−1) was further assembled into an anatase (TiO2) support
(0.5 g in 2.5 mL of deionized water) using a slow temperature evapora-
tion ramp at 65 °C for 90min in a vacuum oven (Fig. 1). The synthesis of
the nanoparticles has been carried out using the platform for Production
of Biomaterials and Nanoparticles of the NANBIOSIS ICTS.
2.3. Characterization techniques
Fluorescence measurements were performed using a LS55 Fluores-
cence Spectrometer (PerkinElmer) equipped with a xenon arc lamp as
the light source and a quartz cell (10 × 10 mm). The CND spectra
were acquired in a UV–visible–NIR spectrophotometer (V-67, Jasco
Company) with a quartz cell of 1 cm light path. The morphologies and
particle size distributions were determined by transmission electron
microscopy (TEM) (FEI Tecnai T20 and F30, operated at 200–300 kV, re-
spectively). To prepare the samples, the nanoparticle suspensions were
diluted with water prior to casting on a holey carbon TEM grid. The
functionalization of the CND surface was analyzed by Fourier transform
infrared (FTIR) spectroscopy (Bruker Vertex 70 FTIR spectrometer) and
X-ray photoelectron spectroscopy (XPS) with an Axis Ultra DLD (Kratos
Tech.). A monochromatic Al Kα source (1486.6 eV) was employed with
multiple runs at 12 kV, 10 mA and pass energy of 20 eV was used. The
binding energies were calibrated to the internal C1s (284.3 eV) stan-
dard. Analyses of the peaks were performed with CasaXPS software,
using a weighted sum of Lorentzian and Gaussian component curves
after Shirley background subtraction. Raman analysis was carried out
with the aid of a Laser Raman WiTec-Alpha 300 spectrometer using an
Ar+ ion laser exciting at 532 nm. The Raman light was collected in a
backscattering geometry. The instrument was calibrated against the
Stokes Raman signal of pure Si at 520 cm−1 using a siliconwafer crystal
plane surface. Background subtraction was carried out with a second
order polynomial fitted with the least squares method.
2.4. LED-assisted generation and detection of hydroxyl radicals
The generation of hydroxyl radicals (•OH) under the irradiation of
selective wavelengths was carried out in the presence of three different
light-emitting diodes (LEDs) (LED ENGIN, LZ4 models) at 532 nm
(green LED), 740 nm (red LED) and a combination of 450 nm and
550 nm (white LED), respectively. Terephthalic acid (TA) was used as
an indirect fluorescent probe that selectively reacts with hydroxyl radi-
cals [23,35]. In a typical experiment, 0.6 mg of catalyst was dispersed in
the probe solution containing TA (3 mL, 5 mM) and deposited in a cu-
vette with 1 cm path length. Prior to irradiation with LEDs, the suspen-
sionsweremagnetically stirred in the dark for 30min. Different aliquots
were taken after selected irradiation time intervals and analyzed by
fluorescence spectroscopy without retrieval of the catalyst.
2.5. Photo-catalytic experiments
The photo-catalytic capabilities of the CND–TiO2 nanohybrids were
evaluated by degradation of 2,4-DCP under visible light irradiation
with a Xe lamp (cutoff filter for λ b420 nm). In a typical experiment,
20 mg of the CND–TiO2 nanohybrids (0.5% wt. CNDs as determined by
TGA) was suspended in an aqueous solution containing 2,4-dichloro-
phenol (2,4-DCP, 100 mL, 25 mM) and stirred overnight in dark condi-
tions to ensure the establishment of adsorption/desorption equilibrium
between 2,4-DCP and the photo-catalyst before irradiation. Multiple al-
iquots were progressively taken and analyzed at different irradiation
times with the aid of an ultra performance liquid chromatograph
Fig. 1. Scheme of the hydrothermal processing of carbon nanodots with down-conversion (a) and up-conversion (b) properties and their assembly on TiO2 supports.
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(UPLC). Finally, four additional reutilization cycleswere carried outwith
fresh suspensions of the organo-chlorinated contaminant.
3. Results and discussion
3.1. Characterization of CNDs and CND–TiO2 hybrids
Fig. 2a shows a representative TEM image corresponding to the
CNDs obtained after the hydrothermal processing of AA and EN at
250 °C during 4 h and after thefiltration–purification step. The nanopar-
ticle size distribution is rather homogeneous with a mean diameter of
3.3±1.7 nm (inset in Fig. 2a). Nevertheless, TEM images do not provide
enough resolution and perspective to clearly discern whether the CNDs
exhibit a pseudo-spherical or a more planar shape. Raman analysis
depicted in Fig. 2b shows that the CNDs are structurally constituted by
a mixture of disordered graphitic lattice structures, generally recog-
nized by the appearance of the so-calledD band at 1360 cm−1 (D for de-
fects or disordered), and graphitic-like crystalline domains commonly
associatedwith a band at 1580 cm−1 known as G-band (G for graphite)
[36]. It is also worth mentioning that the potential interference of the
fluorescence contribution of the N-CNDs is minimal when exciting at
532 nm (see Figs. S1–S2 from the Supporting information for a compar-
ison at equivalent spectra ranges).
The FT-IR analysis of the CNDs (see Fig. S3) shows clear absorption
contributions at ~3300, ~1630, ~1370 and ~1049 cm−1 that can be as-
cribed to νO–H, νC_O, δC–H and νC–O, respectively. There was no evidence
of amide bonding formation, in good agreement with other recently re-
ported CND systems [37]. Interestingly, the surface chemistry analysis
carried out by XPS not only confirmed the presence of sp2/sp3 C–O
bonds in the C1s spectrum with binding energies ranged between
285.5–287.1 eV (Fig. 2c) but also revealed the presence of N elements
(Fig. 2d).
The N1s spectrum shows two clear contributions centered at ~399
and ~401 eV that can be assigned to different N-containing conforma-
tions. The former contribution at lower BEs has been previously attrib-
uted to N species present in terminal positions of carbon matrices
(−N–H), aromatic rings (N6) or as part of amides (O_C–NH–)
[37–39]. Likewise, the contribution at ~401 eV has been correlated
with the formation of N–C bonds in pyrrol-type rings (N5) or with the
presence of protonated primary amines (−NH3+) [37–40]. Taking into
account the spectroscopic results retrieved from FT-IR it seems
reasonable to assume that the main contribution in the ~401 eV band
observed in XPS analysis could be assigned toN6 structures. This implies
that N is present as a dopant, rather than forming amide chemical
bonds [37]. The role of amine groups as N-doping inducers has been
previously reported by other authors employing different degrees of
functionalization and branching of amine precursors [37,41,42]. It has
been claimed that the use of shorter alkyl chains and lower reaction
temperatures favors the formation of these N-doped CND species [37].
Fig. 3a shows that the UV–Vis absorption band of the N-CNDs starts at
ca. 515 nm. The photoluminescence (PL) response is wavelength-
dependent and exhibits the expected behavior for a semiconducting
quantum dot [2,8]. The PL emission maximum intensities progressively
downshift from 440 nm to 550 nm at increasing excitation wavelengths
(from 365 to 500 nm) due to the lower capability to repopulate the excit-
ed states with lower energy excitation sources. Notably, a differential up-
converting effect is observed at longer excitation wavelengths of 740 and
800 nm, respectively (Fig. 3a). This up-conversion effect has been previ-
ously identified for other carbon nanoparticles and it has been attributed
to their capability to absorb longer wavelength photons and emit at
shorter emissionwavelengths in amulti-photon absorption event [8]. Al-
though the underlyingmechanism has not been completely unveiled yet,
it is commonly accepted that the presence of intermediate energy levels
(provided in our case by N-doping atoms) is necessary to favor the direct
or sequential absorptionof twophotons of lower energy to render a single
Fig. 2. a) TEM image of the CNDs after hydrothermal synthesis and purification (inset: particle size distribution estimated from TEM image counting and the scale bar corresponds to
20 nm); b) Raman spectrum of the CNDs; c)–d) X-ray photoemission spectrum corresponding to the C1s and N1s areas, respectively.
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emitting photon at shorter wavelengths (see Fig. 3b) [17]. This fact pro-
vides the CNDs with an enhanced photo-response in the NIR range and
a great potential to expand their utilization in a broader spectrum win-
dow. This capability was further evaluated after decorating a commercial
anatase support with the N-doped CNDs. Anatase is a well-known semi-
conductor support widely employed in photocatalysis with limited
photo-response beyond theUV region, as expected from itsUV–Vis absor-
bance spectrum (Fig. 3c). The addition of the CNDs extended the absorp-
tion response towards the visible range (Fig. 3c).
TEM images of the CND–TiO2 hybrids further confirmed the suc-
cessful and well-dispersed disposition of the carbonaceous nanopar-
ticles onto the titania support (Fig. 3d) probably favored by the slow
impregnation method assisted by vacuum drying. Interestingly, high-
resolution only evidenced a clear crystalline structure for the commer-
cial TiO2 support but not for the CNDs that only exhibited a partial orga-
nization of atoms (Fig. 3d). Still, it was not possible to clearly determine
the exact shape configuration (spherical or planar) of the CNDs
that would probably require the use of AFM techniques. This pseudo-
amorphous nature of the CNDs has been previously reported for other
analogous nanocarbons synthesized under hydrothermal conditions
[37]. Additional XPS analysis of the CND–TiO2 hybrid confirmed the as-
sembly of theN-doped carbon dotswith the titania support through the
formation of O–Ti–N linkages via N− anionic species interacting with
the TiO2 lattice [43–45]. The shifting of the Ti2p (Fig. S4) and O1s core
levels (Fig. S5) to lower binding energies in conjunction with the
appearance of a novel N1s contribution, not observed in the original
support (Fig. S6), evidenced the partial change of electronic density
around certain Ti centers when interacting with less electronegative N
species [43–45].
3.2. Selective generation of hydroxyl radicals under LED illumination
The photo-generation of hydroxyl radicals (•OH) has been
established as a critical step to induce the redox decomposition of mul-
tiple organic contaminants or an important factor in multiple biological
processes [30,32,35,46,47]. Therefore, in order to evaluate the photo-
activity of the CNDs and their potential role as broad-spectrum nano-
sensitizers, the light-induced formation of hydroxyl groupswas system-
atically evaluated after the selective irradiation of TiO2 and CND–TiO2
nanosystems with different LEDs exciting at selected wavelengths
from the UV–Vis (white LED) to the visible–NIR ranges (green and red
LEDs, respectively). Terephthalic acid (TA) was selected as a chemical
probe to detect the in situ formation of •OH groups [35]. TA selectively
reacts with hydroxyl groups to form a fluorescent derivative (2-hy-
droxy-terephthalic acid: HTA) emitting at ca. 425 nm according to the
reaction depicted in Fig. 4a [23,35].
Fig. 4b–c show the fluorescent intensities of the HTA derivative after
one hour of irradiation with each LED wavelength for the CND–TiO2
hybrid and the TiO2 used as reference, respectively. Both samples can
generate •OH groups under the irradiation of the white LED thanks to
the contribution of near-UV wavelengths in the white light that are
able to activate the TiO2 particles. However, clear differences are ob-
served between both samples depending on the wavelength used.
Thus, anatase alone practically has no response (Fig. 4c–d)while the ad-
dition of the CNDs strongly favors a strong enhancement in the photo-
generation of the hydroxyl intermediates. This enhancement can be ob-
served with any of the three LEDs, although the effect is more dramatic
in the case of the green and red LEDswhere the near-UV contribution is
absent (Fig. 4b–d). Still, it is worthmentioning that the use of the white
Fig. 3. a) UV–Vis absorbance spectrum and photoluminescence spectra of the CNDs in aqueous solution at different excitation wavelengths; b) up-conversion mechanism of the CNDs
based on a two-photon absorption process and the existence of virtual intermediate energy levels; c) UV–Vis spectra of the anatase support before and after the assembly of the CNDs
(note that the absorption spectrum does not decay completely and a significant absorbance can be observed throughout the whole visible range; the inset shows a digital image of the
fluorescent suspension of CNDs in DI-water under excitation with a portable UV-light at 365 nm); d) HR-TEM image of the CND–TiO2 nanohybrids.
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LED outperforms the photo-activity of the other LEDs, thereby demon-
strating the synergism of the simultaneous activation of the anatase
support and the CNDs (Fig. 4), and the active role of the CNDs as a
photo-sensitizer able to expand the response of the TiO2 beyond the
UV region.
3.3. Enhanced photo-catalytic response in the visible range
The response of the CND–TiO2 composite was further tested in the
photo-catalytic degradation of an organo-chlorinated contaminant
(2,4-dichlorophenol, DCP) under visible light. Fig. 5 shows the evolution
Fig. 4. a) Schematic representation of the LED-induced generation of hydroxyl radicals after selective irradiation with a white LED source (λexc = 450 + 550 nm), a green LED (λexc =
532 nm) and a red LED (λexc = 740 nm). The reaction between the non-fluorescent terephthalic acid probe with hydroxyl OH radicals to yield a fluorescent derivative emitting at
425 nm is shown; b) fluorescence emission spectra of the terephthalate derivative after 60 min of irradiation of the CND–TiO2 composite with different LED wavelengths;
c) fluorescence emission spectra of the terephthalate derivative after 60 min of irradiation of the TiO2 support with different LED wavelengths; d) overview of the fluorescence
intensity evolution against different irradiation times for all the experiments carried out in the presence (circles) and absence of CNDs (squares).
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on the concentration of DCP at different irradiation times in the absence
of catalyst (regular photolysis), in the presence of anatase and finally, in
the presence of the hybrid composite combining the CNDs and the TiO2
support. It is clear that the CNDs are playing a very active role as nano-
sensitizers and expanding the photo-catalytic response of anatase be-
yond the UV-region. From the results discussed in the previous section,
the capability of CNDs to co-generate highly active hydroxyl radicals in
the visible–NIR range (Fig. 4) can be credited as the main factor in the
enhancement in the degradation rate of the tested organo-chlorinated
contaminant (up to 96% degradation) in comparison with the regular
photolytic conditions (no degradation) or the non-decorated titania
support (up to 30%) (Fig. 5). Furthermore, four additional cycles were
carried out with fresh DCP solutions without observing any signal of
photo-catalytic deactivation.
Different reports in the literature have claimed that doping with C
atoms [48], coating with either carbonaceous layers [49], carbon-type
nanoparticles [34] or more recently with graphene-type materials
[30–33,50] can enhance the visible-light driven response of wide band
gap semiconductors such as TiO2. As previously pointed out, the CNDs
behave as organic nano-sensitizers that can expand the absorptionwin-
dow of TiO2 beyond the UV range (Fig. 3c) and directly transfer elec-
trons to its Conduction Band (CB) [16,51,52]. Alternatively, a fraction
of the light-emitting photons stemming from the irradiated CNDs
(Fig. 3a) can directly excite and promote the generation of electron–
hole pairs in the TiO2 support or form overlapping intermediate energy
levels that reduce the overall band gap energy of TiO2 after the coordi-
nation of N terminal groups from the CNDs with the titania network
(see Figs. S4–S6) [16,43]. The presence of N-doping atoms from the
hydrothermal treatment of amine derivatives provides the CNDs with
expanded optical response in the NIR range (Fig. 3a) and holds a great
potential for multiple photo-chemical related processes that aim to
exploit a wider fraction of the solar spectrum.
4. Conclusions
The most important characteristics of the CNDs developed in this
work are their photo-chemical stability and their up-converting re-
sponse in the NIR range induced by the presence of N-doping atoms.
This response is the main contribution for the strong increase observed
on the photo-degradation rate of a chlorinated pesticide under visible
light, and takes place via an enhanced production of highly reactive hy-
droxyl radicals. Likewise, the NIR range capability opens up a promising
potential for solar harvesting applications and the in situ generation of
reactive oxidative species within the biological window of minimal tis-
sue absorption and maximum depth penetration.
Prime novelty statement
Development of carbonnanoparticleswith tunable optical emissions
in the visible–NIR range. These optical properties are successfully ap-
plied in the selective generation of radicals and in the photo-catalytic
degradation of chlorinated compounds.
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Feroxyhyte nanoflakes coupled to up-converting
carbon nanodots: a highly active, magnetically
recoverable, Fenton-like photocatalyst in the
visible-NIR range†
M. C. Ortega-Liebana,ab J. L. Hueso,*ab A. Larrea,a V. Sebastianab and
J. Santamaria*ab
We demonstrate the enhanced photocatalytic response of a novel
Fenton-like heterogeneous catalyst obtained through the assembly of
superparamagnetic feroxyhyte nanoflakes synthesized by continuous
gas-slug microfluidics and carbon nanodots obtained by pyrolysis from
a natural organic source. The novel nanohybrids enable the utilization
of the visible and near-infrared ranges due to the active role of
the carbon nanodots as up-converting photo-sensitizers. This novel
photocatalyst is magnetically recoverable and maintains an excellent
response after multiple reutilization cycles. In addition, its synthesis is
based on inexpensive and abundant raw materials and its photo-
catalytic response is evaluated in the presence of energy efficient,
affordable light-emitting diodes (LEDs), thereby providing a promising
and feasible alternative to the homogeneous Fenton process.
The development of novel catalysts that can be directly activated
by sunlight1 remains a formidable challenge and represents a
key step in the realization of processes for the production of
environmentally friendly energy (e.g. via water splitting to generate
hydrogen)2 or for the remediation of persistent organic pollutants.3
The photo-Fenton reaction is a well-known example of the advanced
oxidation process (AOP) for decontamination that involves the
interaction of iron, preferentially Fe(II), and hydrogen peroxide
(H2O2) to generate highly oxidative radicals in the presence of
an external light irradiation source.4 In recent years, different
iron-based heterogeneous catalysts have been investigated to
circumvent the major limitations of handling and reutilization
associated with the homogeneous reaction.3–7 Iron (oxyhydro)-
oxides either unsupported2,3,5,8 or deposited onto clay6,9 or
silica supports10 have been successfully tested for the degradation
of multiple pollutants in Fenton-like processes. The photo-catalytic
response of iron-based materials has been improved by the
addition of carbon species, the isomorphic substitution of Fe or
the combination with matching energy-level semiconductors.11
Most of these variations have focused on the enhancement of
degradation rates in the visible range. Novel nanostructured
materials in combination with sensitizers that enable wider
utilization of the whole solar spectrum including the near-infrared
(NIR) range have not been reported, to the best of our knowledge,
for the Fenton reaction. In this work we present the synergistic
combination of novel up-converting carbon nanodots (CNDs) and
nanoflakes of a relatively unexplored ferrimagnetic feroxyhyte
(d-FeOOH) phase with a graphene-like layered nanostructure.12,13
We have evaluated the performance of this novel composite as a
magnetically recoverable Fenton-like photocatalyst with a high
surface area and capable of exhibiting a photocatalytic response
beyond the visible range.
Fig. 1a shows a low-magnification TEM image of the ultra-
thin nanoflakes synthesized using a continuous microfluidic
system segmented by O2 slugs
13 (see the Experimental section
for further details and Fig. S1, ESI,† therein). The obtained
nanoflakes exhibited mean sizes of 15 ! 5 nm along the largest
width axis and thickness of 2–4 nm. HR-TEM and electron
diffraction analysis (Fig. 1b and c) further corroborated the
formation of a single and highly anisotropic P3m1 crystalline phase
corresponding to feroxyhyte (d-FeOOH). The high availability of
exposed area in the suspended feroxyhyte nanoflakes (Fe-NFs)
(estimated in 80 m2 g"1 for the pseudo-planar configuration)
facilitates both its catalytic role and the assembly of the CNDs,
while their superparamagnetic nature (see Fig. S2, ESI†) enables
their reutilization via magnetic recovery.
On the other hand, carbon nanodots (CNDs) represent an
excellent choice as sensitizers due to the abundance of
potential precursors for their inexpensive production, their
resistance to photo-bleaching and their recently discovered
up-converting optical properties.14–16 We have prepared novel
carbon nanodots by pyrolysis of ground leaves obtained from
the popular Argentinian Mate herb (see the ESI†). Fig. 1d shows
a TEM image of the carbon nanodots with an average size
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distribution of 3.0 ! 1.1 nm (see Fig. S3, ESI†). Notably, these CNDs
not only exhibit the expected down-conversion behavior of semi-
conducting quantum dots (e.g. emission wavelengths at lower
energies than the excitation source as shown in Fig. 1e and
Fig. S4, ESI†) but also a remarkable up-conversion capability,
responding to excitation in the NIR range with emission at
higher energies (i.e. shorter wavelengths as shown in Fig. 1e
and Fig. S4, ESI†). The facile self-assembly procedure used to
form the Fe-NF/CND hybrid photocatalysts involved a simple
dispersion of the NFs in a solution of CNDs under vigorous
stirring, followed by vacuum-assisted drying (see the ESI†).
Fig. 2a shows a TEM image of the resulting composite where
CNDs are distributed throughout the pseudo-planar structures
of feroxyhyte and further confirmed by STEM-EDX analysis
(Fig. S5, ESI†). Tauc plots11 (Fig. 2b and ESI†) were used to
determine band gap energies for the feroxyhyte nanoflakes and
the composites containing carbon nanodots, respectively.
Assuming direct transitions, band gap energy levels for
the feroxyhyte nanoflakes was estimated to be B2.25 eV (ca.
550 nm) which is within the range of previously reported
nanostructured FeOOH phases.2,8,11 Likewise, the composite
containing the CNDs rendered a band-gap energy extrapolated
at B2.35 eV (ca. 528 nm).
The effect of the absorbance enhancement on the photo-
catalytic performance of these nanohybrids was assessed using
the decoloration of methyl orange (MO) as model reaction. Two
LED sources at specific wavelengths of 532 nm (visible range)
and 740 nm (NIR range) were separately used to differentiate
the up-converting effect of CNDs and their contribution to
expand the photocatalytic activity beyond the visible range. In
addition, control experiments of uncatalyzed photolysis (i.e. no
solid catalyst) and with Fe-NFs without CNDs were also performed
at both LED irradiation wavelengths. None of the control experi-
ments in the absence of catalyst rendered any significant MO
decoloration (Fig. 3a–c). On the other hand, the Fenton-like process
only occurred with the simultaneous combination of light, hydro-
gen peroxide (H2O2) and feroxyhyte. As expected in the visible
irradiation window, and despite using a low power-green emitting
LED (10 W), total decoloration of MO was achieved after 90 min
with the aid of the feroxyhyte NFs (see Fig. 3a).
As previously reported,4,7 this iron oxide polymorph and
other analogous phases such as goethite are effective photo-
Fenton agents after adsorption of the organic contaminant and
the formation of photo-responsive surface intermediates (e.g.
Fe(III)–OH and Fe(III)–OOH) that react with H2O2 to generate
highly reactive chemical intermediates that can readily oxidize
the organic contaminants:4,5,8,11
Fig. 1 (a) Low magnification TEM image of the feroxyhyte nanoflakes
obtained by oxygen–liquid segmented flows; (b) HR-TEM image of a single
feroxyhyte nanoplatelet nanoflake; (c) electron diffraction analysis per-
formed by FFT showing the hexagonal packing with P3m1 phase corres-
ponding to the d-FeOOH layered structure; (d) TEM image of the carbon
nanodots obtained after calcination and purification steps; inset: fluores-
cence observed in a colloidal suspension of the CNDs under a UV lamp
(lexc = 365 nm); (e) normalized photoluminescence emission spectra
of the CNDs after excitation at 510 nm (down-conversion) and 740 nm
(up-conversion), respectively.
Fig. 2 (a) TEM image of the Fe-NF/CND (0.25 wt%) hybrid photocatalyst
after the assembly process; white arrows show spherical CNDs and black
arrows remark the presence of the Fe-NF in planar and perpendicular
views; (b) band-gap energies for the Fe-NF (circles) and Fe-NF/CNDs
(stars) were calculated by extrapolation of the Tauc plots assuming direct
transition orders.
Communication ChemComm
This journal is©The Royal Society of Chemistry 2015 Chem. Commun., 2015, 51, 16625--16628 | 16627
Fe(III)surface + H2O2(adsorbed)- Fe(II)surface + !O2H + H+ (1)
Fe(II)surface + H2O2(adsorbed)- Fe(III)surface + !OH + OH" (2)
Fe(III)surface + H2O- Fe(II)surface + !OH + H+ (3)
Fe(III)surface + OH
"- Fe(II)surface + !OH (4)
More detailed reaction pathways for heterogeneous Fenton-like
processes have been previously addressed elsewhere.4,6,7 The
Fe-NF/CND hybrid photocatalyst was able to enhance the
Fenton-like process efficiency, and as a consequence the total
decoloration time was reduced to 60 min (Fig. 3a and Fig. S6,
ESI†). This improvement can be tentatively attributed to the
active role played by carbon nanodots as photo-sensitizers
either providing additional exciting photons (Fig. 1e and
Scheme 1) to generate more oxidative intermediates or alter-
natively reducing the electron–hole (e"/h+) recombination rates
in the Fe-NFs to enhance the photocatalytic response of Fe-NFs.
The latter assumption is based on previous reports on TiO2–
CND photocatalytic systems15 although no direct evidence has
been provided in our case. The enhancement produced by the
hybrid catalyst was more dramatic when only NIR light was
used, with a LED at 740 nm. In this case ca. 60% decoloration of
MO was achieved in 200 min, while the corresponding figure
for the Fe-NFs (feroxyhyte phase alone) was six times lower
(Fig. 3c and Fig. S6, ESI†).
These results strongly suggest that CNDs behave as active
up-converters able to absorb two-photons that lead to the
emission of higher energy photons (Fig. 1e and Scheme 1) via
an underlying intermediate energy state.14,17–19 In turn, these
high energy photons further excite the feroxyhyte nanoflakes
generating new (e"/h+) pairs that initiate the Fenton-like process
as described for the NIR irradiation (Scheme 1). An analogous
mechanism has been previously claimed for CND/Cu2O compo-
sites20 or libethenite microcrystals21 using NIR excitation sources.
Moreover, unsupported CNDs have also been successfully tested
for the selective oxidation of alcohols through the NIR assisted
formation of !OH radicals.22 The generation of these hydroxyl
radicals in our Fenton-like process was further demonstrated via
spectroscopic monitoring of a fluorescent probe specifically formed
after reaction with !OH (see the ESI† and Fig. S7).23 Alternatively, a
scavenging and inhibitory agent such as methanol8 was also tested
to indirectly demonstrate the formation of hydroxyl radicals and
their active role in the MO decoloration process beyond a reversible
photo-switching mechanism (see the ESI† and Fig. S8).24 The trend
observed in the formation of !OH was quite consistent and equiva-
lent to the MO decoloration rates, even at higher pH values where
the photocatalytic response progressively diminished (Fig. S7–S10,
ESI†). We could not attribute the change in activity to the increasing
presence of more photo-active Fe ions leached from the catalyst
surface under acidic conditions (based on ICP analysis after 24 h in
an acidic solution at pH = 3).5 As previously reported7,25 and based
on z-potential measurements (see Fig. S11, ESI†) and the enhanced
adsorption of MO in the dark at lower pH values (see Fig. S12, ESI†),
we postulate a better electrostatic interaction between the anionic
dye and the solid photocatalyst surface at pH = 2.8 when the
composite almost reaches its isoelectric point. Moreover, it has also
been postulated that H2O2 loses its oxidizing capabilities in basic
media25 since it decomposes to molecular oxygen and H2O. Also, it
has been claimed that the MO dye specifically prefers the quinoid
structure at lower pH values and that this form is more prone to
Fig. 3 (a) Time-dependence decoloration of MO in the Fenton-like
process carried out under different experimental conditions (see the text)
in the presence of a LED exciting at 532 nm; (b) digital images showing
details of the green LED and the evolution of the MO decoloration after
60 min in the Fenton-like reaction carried out with the Fe-NF/CND hybrid that
is also recovered with a magnet; (c and d) time-dependence decoloration and
evolution of the dye under analogous experimental conditions but using a
LED-NIR exciting at 740 nm. Experimental conditions: pH = 2.8; [photo-
catalysts] = 0.2 g L"1; [H2O2] = 2 mM; [MO] = 25 mM.
Scheme 1 Schematic illustration of the electron transfer mechanism
between the Fe-NFs and the CNDs acting as sensitizers. CNDs might play
the role of providing additional energy levels to reduce recombination
events in the Fe-NFs as well as photo-generating additional excitons in
both the visible and NIR windows to render highly reactive radicals.
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undergo degradation in the presence of !OH and !OOH radicals
than the benzenoid form.25
Finally, it is worth mentioning that in addition to their main
characteristic, i.e., enabling the use of light across a wider
spectrum, the Fe-NF/CND hybrids present other significant
advantages such as: (i) the inherent magnetic response (see
Fig. 3b–d and Fig. S2, ESI†) that allowed the efficient recycl-
ability of the catalyst (the same performance was obtained
through 4 consecutive MO decoloration cycles using recycled
catalysts, see Fig. S13, ESI†); (ii) the excellent response obtained
in the presence of highly energy efficient, low power LED sources
offers a more environmentally attractive alternative to higher
power halogen lamps that are typically used in these studies.
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Potassium!nitrate! (≥99%!KNO3,! Fluka,),! Ferrous! sulfate! heptahydrate! (≥99%,! FeSO4ó7!
H2O,! Aldrich),! Sodium! hydroxide! (≥98%! NaOH,! Aldrich),! L5lysine! crystallized! (≥98%!
C6H14N2O2,! Aldrich),! Sulfuric! acid! (95598%,! H2SO4,! Aldrich),! Methyl! Orange! (ACS!







was! composed! of! 13! mM! ferrous! sulfate! heptahydrate! and! 3,38! mM! sulfuric! acid.!!
After! de5oxygenation,! each! solution! was! placed! in! 60! mL! plastic! Becton! Dickinson!






(1/16! inch!OD!and!0.04! inch! ID),!which!are!conceived!as!mixing!and! reaction!stages,!

















Mate!herb!was! selected!as! carbon!precursor.! The!plants!were!dried!out!and!ground!
prior!to!a!calcination!step!at!300!oC!for!2!h!in!air.!The!resulting!solid!was!re5suspended!
in! ultrapure! water! and! centrifuged! at! 6.000! rpm! for! 10! min! to! remove! large!









Mixing stage: 60s Reaction stage: 60 s






methyl! orange! (MO)! in! aqueous! solution! in! the!presence!of! two!different! LEDs! (LED!
ENGIN,!LZ4!models)!emitting!either!at!532!nm!(10!W)!or!740!nm!(6.3!W),!respectively.!
In!a!typical!reaction!for!decoloration,!0.6!mg!of!catalyst!was!dispersed!in!3!mL!of!MO!
solution! (25! mM).! Prior! to! irradiation! with! LEDs,! the! suspension! was! magnetically!
stirred! in! the! dark! for! 30! minutes! to! ensure! the! establishment! of! an!






The! generation! of! hydroxyl! radicals! (nOH)! during! the! Fenton5like! process! under! LED!















fluorescence! spectroscopy! without! retrieval! of! the! catalyst.! The! experiments! were!
performed!at!pH!>!4!values!to!ensure!the!stability!of!the!HTA!fluorescent!derivative.!
!
Additionally,! a! set! of! experiments!with! the! presence!of! increasing! concentrations! of!
methanol!(a!well5known!hydroxyl!radical!scavenger)!was!also!carried!out!for!the!most!
favorable! conditions! (pH! =! 2.8;! LED! visible;! Fe5NF/CND! hybrid).! Different! volumetric!
ratios! MeOH:H2O! (0:1! /! 0.25:0.75! /! 0.5:! 0.5)! were! tested! under! our! photocatalytic!




The!morphologies! and! particle! size! distributions!were! determined!with! the! aid! of! a!
T205FEI! microscope! with! a! LaB6! electron! source.! Aberration! corrected! scanning!
transmission!electron!microscope!images!were!additionally!acquired!using!a!high!angle!
annular! dark! field! detector! (STEM5HAADF)! in! a! FEI! XFEG! TITAN! electron!microscope!
operated! at! 80! kV! equipped! with! a! CETCOR! Cs5probe! corrector! and! an! electron5
dispersive! spectroscopy! (EDS)! detector! for! elemental! analysis.! At! least! 200! particles!
were!measured!to!evaluate!the!mean!diameter!of! the!particles!and!size!distribution.!
To!prepare! the! sample,! the!nanoparticle! suspension!was!diluted!with!water!prior! to!
casting! on! a! holey! carbon! TEM! grid.! The! absorbance! spectra! of! the! different!
nanoparticles!and! the!decoloration!of!methyl!orange! (MO)!were!monitored! in!a!UV5
visible5NIR!spectrophotometer!(V567,!Jasco!Company)!with!a!quartz!cell!of!1!cm!light!
path.!Samples!were!previously!filtered!through!0.2!μm!Millex!nylon!membrane!filters!
from! Millipore.! The! determination! of! band! gap! energies! was! carried! out! assuming!
direct!transitions!(n)!and!plotting!the!following!equation:!(αhν)!=!A!(hν5Eg)n/2!where!α,!
h,!ν,!A!and!!Eg!represent!the!absorption!coefficient,!Planck´s!constant,!light!frequency,!






Atomic! Emission! Spectrometer! (Agilent! 4100! MP5AES).! The! samples! (2.5! mL)! were!
digested!with!1!mL!of!an!acidic!mixture!containing!HCl:HNO3!(3:1!volumetric!ratios)!at!
65!ºC!for!2!h.!The!digested!suspension!was!diluted!with!Milli5Q!water!to!a!final!volume!
of! 5! mL! for! spectrometric! analysis.! No! traces! of! leached! ionic! iron! were! detected!
above! the! threshold! detection! limit! of! the! equipment! (0.05! ppm).! The! magnetic!
properties! of! the! different! nanoparticles! were! measured! as! dried! powders! after!
solvent! evaporation! at! different! temperatures! in! a! superconducting! quantum!
interference! device! (SQUID! MPMS55S,! Quantum! Design)! from! 0! to! 40000! Oe.! The!
samples!were!measured!in!a!gelatin!capsule!(a!diamagnetic!correction!for!the!sample!
















Figure% S4.! UV5Vis! absorbance! spectrum! and! Photoluminescence! spectra! acquired! at! room!
temperature!in!DI5H2O!at!different!excitation!wavelengths!corresponding!to!the!upconverting!
carbon! dots.! Band! gap! energy! is! determined! from! the! extrapolation! of! the! absorbance!






















Scheme! S1;! a5b)! Fluorescence! emission! spectra! of! the! terephtalate! derivative! formed! upon!




times! under! the! NIR5LED! at! 740! nm! and! pH! =! 4.8! for! the! feroxyhyte! nanoflakes! and! the!
composite!with!CNDs,! respectively;! f)!Overview!of! the!evolution!of! fluorescence! intensity! vs!




























Figure% S12.! Influence! of! pH! values! and! adsorption! times! on! the! amount! of! methyl! orange!
adsorbed! in! the!dark!by! the!NF5Fe/CND!composite.!The! inset! corresponds! to! the!adsorption!
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a  b  s  t  r  a  c  t
The  present  work  investigates  the  role  of  two  types  of  carbon  nanodots  (CNDs)  as novel  sensitizers  of TiO2
to create  a visible-light  driven  photo-catalyst  that  is  not  only  efficient  for solar-driven  pollution  abate-
ment,  but  also inexpensive,  durable  and  environmentally-friendly.  Two  widely  available  green  organic
precursors,  the  Argentinean  herb  Mate  and  the Stevia  plant  have  been  selected  as the  carbogenic  source
to  thermally  induce  the  formation  of  different  types  of CNDs  with  different  levels  of N  and P doping  and
tunable  photoluminescence  response  in  the  UV–vis-near  infrared  (NIR) ranges.  These  CNDs  have  been
successfully  assembled  with  TiO2 to  form  heterogeneous  photocatalysts  that are highly  active  in the
visible-light  and  NIR- driven  photodegradation  of  2,4-dichlorophenol  (2,4-DCP),  a  persistent  chlorinated
organic  compound  present  in  numerous  pesticide  formulations.
©  2017  Elsevier  B.V.  All  rights  reserved.
1. Introduction
The growing volume of wastes generated by human activi-
ties represents one of the most urgent environmental challenges
that we face today [1–4]. Persistent and non-biodegradable organ-
ics in wastewater are major problems in water management,
environmental protection, and water reuse. Traditional treatment
methods such as adsorption, coagulation, and secondary biodegra-
dation are often inadequate in treating many of the new, emerging
micro-pollutants. They also suffer from high capital and operating
∗ Correspondingauthors at: Institute of Nanoscience of Aragon (INA) and Depart-
ment of Chemical Engineering and Environmental Technology, University of
Zaragoza, 50018, Zaragoza, Spain.
E-mail addresses: jlhueso@unizar.es (J.L. Hueso), jesus.santamaria@unizar.es
(J. Santamaria).
costs, and are known to generate undesired secondary pollutants.
Advanced oxidation processes (AOPs) [4–9] are capable of effi-
ciently treating a broad range of problematic and refractory organic
pollutants in water. The highly reactive radical species and oxida-
tive intermediates (i.e. H2O2, •OH, •O2−, O3) provide more complete
oxidation and mineralization of the pollutants. Heterogeneous pho-
tocatalysis is particularly attractive for wastewater treatment with
a clear advantage in terms of cost when the process is solar driven
[1,5,8,10–12].
Current research is focused mainly on the optimization of the
state-of-the-art solid heterogeneous photocatalysts. These mate-
rials are typically semiconductors that can be susceptible to
photo-corrosion during long-term operation. Titania photocata-
lysts are remarkably stable under varied operating conditions
and due to their abundance are less expensive than alternative
materials [2,3,8]. Nevertheless, TiO2 having a wide electronic band-
gap requires UV irradiation. Moreover, rapid recombination of
http://dx.doi.org/10.1016/j.apcatb.2017.06.021
0926-3373/© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Scheme of the pyrolysis treatment of Mate and Stevia plant leaves; (b) TEM image of the carbon nanodots retrieved from Mate (inset: HRTEM image of a single
CND  with (111) orientation corresponding to graphite); (c) TEM image corresponding to the carbon nanodots obtained from the Stevia plant (inset: HRTEM image of a single
CND  where lattice distances for (020) orientations of graphite are shown); (d) Particle size distribution of the CNDM; (e) Particle size distribution of the CNDST. Scale bars in
insets  correspond to 3 nm.
the photo-generated electron-hole pair can significantly limit the
quantum efficiency. Therefore, narrowing down the band-gap of
TiO2 to increase the visible-light absorption response is an often-
used strategy to improve the photocatalyst performance [13,14].
Among the procedures employed are: (i) chemical modifications
with light elements such as carbon, nitrogen, boron or sulfur to
shift the absorption toward the visible range by creating interme-
diate energy states that narrow the band gap [13,14]; (ii) addition
of plasmonic noble metals that boost absorption in the visible-NIR
range due to their surface plasmon resonance (SPR) band [15–21];
(iii) use of sensitizers such as organic dyes and/or narrow band-
gap quantum dots that absorb visible light and inject electrons into
the conduction band of TiO2 to suppress the recombination rate of
electron-hole pairs as in the case of quantum dot sensitized solar
cells (QDSSCs) [22–25].
This work investigates the use of carbon nanodots (CNDs)
in TiO2 to create a visible-light photo-catalyst that not only
is efficient for solar-driven pollution abatement, but also inex-
pensive, durable and environmentally-friendly [26–34]. Carbon
nanodots are luminescent nanomaterials characterized by their
broad absorption spectra, resistance to photo-bleaching and low
toxicity [30,31,33–39]. They are potentially inexhaustible in view
of the abundance of raw materials for their production. CNDs may
also exhibit an interesting optical behavior as up-converters, thanks
to due to size-dependent quantum confinement effects, expand-
ing their potential applicability as sensitizers in the whole solar
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spectrum [27,33,40–47]. Plant leaves and extracts abound with car-
bon, nitrogen and oxygen elements [47] which may  serve as easily
available carbon sources for large-scale fabrication of CNDs.
Herein, the preparation of new carbon dots from renewable
plant materials has been successfully explored with two  low-cost,
widely available raw materials: the Mate herb (Ilex paraguarien-
sis) and the stevia plant (Stevia rebaudiana). We  have observed that
the carbon dots obtained from the different plant sources exhibited
unique sensitizing capabilities associated with the specific chemi-
cal compositions of the precursors. Furthermore, different levels of
doping with nitrogen and phosphor can be achieved depending on
the starting plant leaf and it is possible to tailor the resulting green
carbon nanodots with different optical response as up-converters
or down-converters. Finally, we have easily prepared photocat-
alytic nanohybrids by self-assembly of our N,P co-doped carbon
nanodots onto commercial TiO2 heterogeneous photocatalysts and
used them towards the visible-light driven photodegradation of
2,4-dichlorophenol, a persistent chlorinated organic compound
present in numerous pesticide formulations.
2. Experimental
2.1. Materials and reagents
Titanium (IV) dioxide (anatase, 99.8%) terephtalic acid (TA,
98%) and 2,4-dichlorophenol (99%) were purchased from Aldrich.
Ethylenediaminetetraacetic acid disodium salt (ACS reagent,
99–101%, EDTA-Na2), 1-butanol (ACS reagent grade) and quinine
hemisulphate salt monohydrate (Bioreagent, 98%) were purchased
and used without any further purification steps. The mate herb
(Ilex paraguariensis) was supplied by Cruz Malta and the stevia
leaves (Stevia rebaudiana) were purchased from Herbalism. Ultra-
pure water from a Milli-Q ultrapure system was used in this study.
2.2. Synthesis of carbon nanoparticles
CNDs were prepared by pyrolysis of plant leaves (Fig. 1a). The
mate herb and the stevia leaves were first dried in an oven at 100 ◦C
prior to grinding into a fine powder. 1.2 g of the dried and pow-
dered mate and stevia leaves were thermally treated in still air
for 2 h at 300 ◦C and 250 ◦C, respectively. Black carbonized pow-
der was cooled to room temperature, dispersed in ultrapure water
(i.e., 15 mL)  and centrifuged at 6000 rpm for 10 min  to remove large
or agglomerated particles. The remaining supernatant was filtered
through a 0.1 !m PTFE membrane (WhatmanTH) to give a brownish
yellow suspension of CNDs. No presence of additional agglomer-
ates was detected in the final suspension. The CNDs from mate
and stevia leaves were named as CNDM and CNDST, respectively.
It was observed that other heating temperatures did not render
CNDs as indicated by a large decrease in the photoluminescence
(PL) intensities and the absence of a representative population of
CNDs. According to the literature 250–300 ◦C is enough for the
preparation of CNDs [48].
2.3. Synthesis of CNDs/TiO2 nanohybrids
CND/TiO2 composites were synthesized by a simple room-
temperature process. 0.5 g Anatase TiO2 powders were first
dispersed in a mixture of 2.6 mL  CNDs solution (1 mg/mL) and
2.4 mL  deionized water, and stirred vigorously for 30 min. The
resulting suspension was dried under vacuum at 65 ◦C for 90 min
and stored at ambient conditions until further use. The syntheses
were performed using the facilities of the NANBIOSIS ICTS, more
specifically by the Nanoparticle Synthesis Unit of the CIBER in Bio-
Engineering, Biomaterials & Nanomedicine (CIBER-BBN).
2.4. Photocatalytic activity
The photocatalytic activity of the nanohybrids was  evaluated by
degradation of 2,4-DCP under visible light or under specific near-
infrared (NIR) irradiation. A Hg lamp (blanklight blue F6T5BLB, with
a cutoff filter " < 420 nm)  for visible light and a light-emitting diode
(LED ENGIN, LZ4 model) at 740 nm for NIR experiments, respec-
tively. 20 mg  nanohybrids were suspended in 100 mL,  0.025 mM
2,4-DCP aqueous solution and stirred for 12–20 h to approach
adsorption equilibrium between 2,4-DCP and photocatalyst before
irradiation. Under stirring, a small amount of the suspension (about
3 mL)  was taken at different times under irradiation and filtered
through a 0.22 !m filter. The liquid was analyzed using an ultra
performance liquid chromatography (UPLC) or GC–MS.
2.5. Detection of reactive oxidative species (ROS) generated by
NIR illumination
The generation of hydroxyl radical under NIR irradiation was
evaluated using terephtalic acid (TA) as a probe, which selectively
reacts with ·OH to form a fluorescent derivative [30,49]. In a typical
procedure, the detection of hydroxyl radicals (·OH) was carried out
with the aid of terephthalic acid (TA, 3 mL,  5 mM)  which selectively
reacts to generate a fluorescent product (2-hydroxy terephthalic
acid) emitting at ca. 425 nm.  It is important to note that basic
pH conditions (7–9) are first required to promote the stabiliza-
tion of disodium terephthalate (NaTA). After LED NIR illumination
at different time intervals, the mixture solution was centrifuged
to remove the catalyst nanoparticles. The fluorescence emission
spectrum of the generated 2-hydroxy disodium terephtalate in the
supernatant was subsequently measured at an excitation wave-
length of 315 nm.
2.6. Characterization techniques
Fluorescence measurements were performed using a LS55 Flu-
orescence Spectrometer (PerkinElmer) equipped with a xenon arc
lamp as the light source and a quartz cell (10 × 10 mm). Absorption
and emission spectra of the CNDs suspensions were systematically
acquired at different excitation wavelengths in a UV–vis-NIR spec-
trophotometer (V-67, Jasco Company) with a quartz cell of 1 cm
light path. The pH values were measured with GLP22 (CRISON).
The particle morphology and size distribution were exam-
ined by transmission electron microscopy (TEM) (FEI Tecnai T20,
operated at 200 kV). The energy-filtered transmission electron
microscopy (EFTEM) and high-resolution TEM imaging were done
in a FEI Tecnai F30 (operated at 300 kV and equipped with a Gatan
Image Filter (GIF Tridiem 863)). Electron energy loss spectroscopy
(EELS) measurements were performed on probe-corrected scan-
ning TEM (STEM) FEI Titan Low-Base 60–300 operating at 80 KeV
(fitted with a X-FEG® gun and Cs-probe corrector (CESCOR from
CEOS GmbH)). EEL spectra were recorded using the spectrum-
imaging (SPIM) mode [50–52] in a Gatan GIF Tridiem ESR 865
spectrometer. The energy resolution was ∼1.1 eV. The function-
alization of the CNDs surface was followed by Fourier transform
infrared (FTIR) spectroscopy using a Bruker Vertex 70 FTIR spec-
trometer.
The surface composition of the samples was analyzed by x-ray
photoelectron spectroscopy (XPS) with an Axis Ultra DLD (Kratos
Tech.). The spectra were excited by a monochromatic Al K# source
(1486.6 eV) run at 12 kV and 10 mA and pass energy of 20 eV
was used. The binding energies were referenced to the internal
C 1s (284.3 eV) standard. Analyses of the peaks were performed
with CasaXPS software, using a weighted sum of Lorentzian and
Gaussian component curves after Shirley background subtraction.
Raman analysis was carried out with the aid of a Laser Raman
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Fig. 2. Surface chemistry analysis of the CNDs: a) FT-IR spectra corresponding to the
CDST and the CDM samples, respectively; b)-c) Fitted X-ray photoemission spectra
in  the C1s region of the CDM and CDST samples, respectively; d)-e) Fitted X-ray
photoemission spectra in the N1s region of the CDM and CDST samples, respectively;
f)-g) Fitted X-ray photoemission spectra in the P2p region of the CDM and CDST
samples, respectively.
WiTec-Alpha 300 spectrometer using an Ar+ ion laser exciting at
532 nm.  The Raman light was collected in a backscattering geome-
try. The instrument was calibrated against the Stokes Raman signal
of pure Si at 520 cm−1 using a silicon wafer crystal plane surface.
The quantum yield (QY) value of CNDs was  calculated by
comparing the integrated PL intensities (excited at 360 nm)  and
absorbance values of CNDs at ∼340–345 nm with those of quinine
sulphate. Quinine sulphate (QY = 0.54 at 360 nm)  was  dissolved in
0.1 M H2SO4 (refractive index, 1.33) and CNDs were dissolved in
water (refractive index, 1.33). QYs of CDM and CDST were calcu-
lated to be 9.4% and 15.2%, respectively. To minimize re-absorption
effects, the absorbance values of the two solutions in 10 mm
cuvettes were kept under 0.1 at the excitation wavelength. Excita-
tion and emission slit widths were set at 7.5 nm when recording PL
spectra. Elemental analysis rendered similar compositions for both
raw carbogenic sources (Mate herb (%) C:H:N:O:P = 48:5:3:38:5 and
Stevia plant (%) C:H:N:O:P = 46:6:3:34:5). The GC–MS instrument
(GC–MS Shimadzu QP-2010SE) used for the analysis of reaction
intermediates was  equipped with a Zebron capillary GC column
(30 m x 250 !m,  0.25 !m).  A NIST/EPA/NIH mass spectral library
(NIST14) was used for identification of m/z values. Helium (purity
>99.999%) was used as a carrier gas with a flow rate of 1.0 mL min−1,
and a 1 !L sample was  injected at a split mode. According to previ-
ous reports, the temperature of injection was set to 300 ◦C [53,54].
The column temperature was first kept at 60 ◦C for 2 min, and raised
up to a final temperature of 280 ◦C at a rate of 10 ◦C min−1. The
detector was a quadrupole mass spectrometer and the tempera-
tures of the ion source and interface were both kept at 250 ◦C.
2.7. Kinetics of the photodegradation experiments
The kinetics of photocatalytic degradation of 2,4-DCP were





where r represents the initial rate of photooxidation, C the con-
centration of the reactant, t the irradiation time, k the rate constant
of the reaction and K is the adsorption coefficient of the reactant. At
micromolar concentrations C ≪ 1, the equation can be simplified to
the apparent first rate order equation:
ln C0
C
= kKt = Kappt
Ct = C0 e−Kappt
where Kapp is the apparent first order rate constant given by the
slope of the graph of ln C versus t and intercept C0 is the initial
concentration of the organic pollutant.
3. Results and discussion
3.1. Synthesis and characterization of green N, P-codoped carbon
nanodots from natural plant leaves
Dried leaves from Mate and Stevia plants were calcined at
300 ◦C and 250 ◦C, respectively (Fig. 1a). After purification (see
experimental section for details), stable colloidal suspensions of
well-dispersed carbon nanoparticles were obtained. Fig. 1b–c show
representative TEM images corresponding to the carbon nan-
odots rendered from Mate (hereafter labeled as CDM) and Stevia
(hereafter denoted as CDST). From TEM images, their average
diameters were statistically (N > 100 NPs) estimated as 3.0 ± 1.1 nm
and 2.5 ± 0.7 nm respectively (Fig. 1d–e). Both samples exhibit a
graphitic crystalline structure as shown in the HRTEM images of
individual CNDs (see insets in Fig. 1b–c).
The surface chemistry analysis of the CNDs was  carried out by
FT-IR and XPS. Fig. 2a shows the FT-IR spectra of the CNDs. The CDST
shows absorption contributions at ∼3230 cm−1 and 1635 cm−1 cor-
responding to characteristic stretching vibration modes of ! (O H)
and ! (C C), respectively[55]. Some additional contributions at
∼1030–1100 cm−1 were also detected and tentatively attributed to
C O/P-O stretching modes[56–58]. Remarkably, the CDM sample
shows additional features at ∼3205 cm−1, ∼ 2930 cm−1 that cor-
respond to the stretching bands of ! (N H) and ! (C H). Other
contributions at ∼ 1650 cm−1, ∼ 1565 cm−1, ∼ 1380 cm−1 and in the
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Fig. 3. Optical properties of the CNDs: a) UV–vis absorbance and photoluminescence
spectra of the CNDs derived from mate at different excitation wavelengths from
365 to 800 nm;  b) UV-vis absorbance and photoluminescence spectra of the CNDs
derived from stevia at different excitation wavelengths from 365 to 800 nm;  The
insets show images of the suspension of the corresponding CNDs under UV light
illumination (!exc = 365 nm). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web  version of this article.)
1100–1260 cm−1 range (Fig. 2a) have been tentatively identified
as C O, C N, P = N stretching modes corresponding to aromatic
amides and aromatic rings containing P groups, thereby accounting
for the partial substitution of C atoms by co-doping elements such
as N or P [55–58].
XPS results further corroborate the presence of multiple oxi-
dized carbon moieties on the surface of the CNDs such as O C O,
C O, C O/C N bonds in the C1s region (Fig. 2b–c). The presence
of C C/C C bonds is predominant (Fig. 2b–c) although the spe-
cific contribution of each specific sp2 or sp3 bonding types can not
be clearly discerned by this technique [34,59–61]. The presence
of nitrogen (see Fig. 2d–g), is especially remarkable for the Mate
derived carbon dots, accounting for up to 7% N atomic composition
in contrast with the CDST that barely reaches 1% N atoms. The main
contribution observed at ca. 399.6 eV in the N1s spectra can be an
attributed to N C bonds in terminal or bridged positions within a
carbon network according to Pels and Sanchez-Lopez [33,62–64],
although it has also been tentatively associated to amides [64].
It is also worth mentioning that both CNDs present an analogous
phosphor atomic composition of ∼2.5% P (Fig. 2f–g) with a higher
fraction of oxidized P-O species at 132.6 eV in the CDM sample
and a higher contribution of P-C/P-N bonds centered at lower BEs
(131.8 eV) in the CDST counterpart.
In addition, Raman spectroscopy can be also used as a sur-
face characterization tool of partially ordered carbon materials.
The first-order Raman spectra corresponding to both carbon dots
samples reveal a similar pattern with two relatively broad bands
centered at ∼1350 cm−1 and ∼1580 cm−1 with certain overlap-
ping between them that are typically denoted as D band (typical of
structural disorder and defects and sp3 coordination) and G band
(typical of graphitic order and sp2 bonding), respectively (see Fig.
S1). Therefore, both CNDs exhibit a slightly higher contribution
from the disordered fraction in agreement with the XPS results (see
Fig. 2). It is also noteworthy that both samples seem to show a third
contribution located at ∼1505 cm−1 which has been previously
denoted as Dı´ band and associated with amorphous sp2-bonded
forms of carbon or interstitial defects, thereby pointing out to the
existence of outer defective layers in the carbon nanodots [34,65].
Regarding the optical properties of the carbon dots, Fig. 3
displays the UV–vis absorption spectra and the wavelength-
dependent photoluminescence (PL) response for both CNDs. These
CNDs exhibit a dual behavior as down-converters upon excitation
within the 365–510 nm intervals [35] and a more striking up-
converting response under NIR irradiation at 750–800 nm [40,41].
The former behavior is traditionally observed in semiconductor-
type quantum dots and it is associated with the lower capacity to
repopulate the excited states upon excitation with lower energy
wavelengths [40,41,43,66,67]. In the particular case of CNDs, the PL
emissions in the blue-green range have been attributed to the pres-
ence of isolated sp2 clusters within more extended sp3 networks
[34,68], as suggested from the Raman analysis (Fig. S1).
The up-conversion phenomenon is remarkable for the CNDs
derived from mate (Fig. 3a) that display a much stronger PL
response in comparison with the stevia counterpart after NIR
excitation and a much broader absorption band throughout the
whole UV–vis-NIR window (Fig. 3b). Despite continuous efforts
to explain this particular behavior, the exact mechanisms behind
up-conversion for CNDs have not been unveiled yet. Neverthe-
less, there is consensus about the influence of doping heteroatoms
(i.e. N, S, B, P) [13,68,69] that promote the generation of virtual
dopant states close to the LUMO levels of the CNDs thereby enabling
longer wavelength multi-photon absorption events and subse-
quent emissions of single photons at shorter wavelengths during
the recombination decay [27,41] (Fig. 3a). Therefore, it seems rea-
sonable to correlate the presence of P and especially N co-dopants in
the CDM structure to the broader absorption in the visible range and
the enhanced up-converting response in comparison with the CDST
sample where the presence of N is rather limited and absorption
tail decays at shorter wavelengths than the CDM one (Figs. 2 and 3).
3.2. Synthesis and characterization of CNDs/TiO2 hybrids
Once the optical properties of the CNDs had been established,
the next goal was  to achieve a successful assembly of both types
of CNDs with of the shelf commercial anatase supports to explore
their potential capabilities as sensitizers to expand the photocat-
alytic response beyond the UV range. To do so, both CNDs and TiO2
nanoparticles with anatase phase (Fig. S2) were thoroughly mixed
under vigorous stirring for 30 min  and then dried under vacuum
at 65 ◦C during 90 min  (see Experimental Section). The successful
coupling of the CNDs and the TiO2 NPs was  confirmed by different
TEM analysis approaches. Fig. 4(a) and (c) correspond to low-
magnification TEM images of the CNDST decorating the anatase
support. Fig. 4(b) and (g) show HRTEM images that clearly corrob-
orate the presence of both CDST and CDM onto the titania particle,
respectively. In order to confirm the presence of such nanostruc-
tures on the anatase support, an analysis combining high-angle
annular dark field (HAADF)-STEM imaging and EDX was performed
over the CDM@TiO2 hybrid. The EDX analysis on different regions
where CNDs clearly spotted rendered a higher fraction of C signal
in comparison with closer areas where CNDs were not apparently
deposited (see Fig. 4(e)–(f)).
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Fig. 4. (a) and (c) Low-magnification TEM micrographs of CDST supported on TiO2 nanoparticles; (b) and (g) HRTEM images of the CNDs-TiO2 hybrids including CDST and
CDM,  respectively; (d) Energy filtered TEM image formed by the superposition of signals stemming from the C-K (in red) and Ti-L2,3 edges (in blue and green), respectively.
These  EFTEM analyses have been performed in the area displayed in the TEM of (c), where the CDST are observed;(e) HAADF-STEM image of the CDM-TiO2 hybrid including
marked areas for EDX analysis; (f) EDX spectra corresponding to the areas analyzed in e; (h) HAADF-STEM image of the CDM-TiO2 hybrid including marked areas for EELS
analysis; (i) EEL spectra extracted from the SPIM recorded in the area marked in the HAADF image displayed in h. C-K, Ti-L2,3 and O-K edges are observe;. (j) Zoom of the
C-K  edge for the two EEL spectra of Fig. 4 (i), see the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
In addition, we performed local chemical TEM analyses
via energy-filtered transmission electron microscopy imaging-
spectrum (EFTEM) and spatially-resolved electron energy-loss
spectroscopy (SR-EELS), see Fig. 4(d) and (i)–(j), respectively. From
the EFTEM RGB micrograph (Fig. 4(d)), the presence of C nanostruc-
tures (C-K map  in red) on the top of the TiO2 particles (Ti-L2,3 map
in blue and green). This result confirms the presence and the com-
position of CDSTs spotted by regular TEM in Fig. 4(a)–(c). Analogous
results were achieved in the case of CDMs. Furthermore, the hybrids
have been analyzed by SR-EELS, which is another very power-
ful technique to investigate such nanomaterials at sub-nanometer
scale [70]. Fig. 4(i) displays two EEL spectra. Each of these two  EEL
spectra corresponds to the sum of 4 spectra (2 × 2 probe positions of
the spectrum-image (SPIM)) recorded in the areas marked on the
high-angle annular dark field (HAADF)–STEM image of Fig. 4(h).
This HAADF micrograph also shows the position where the SPIM
has been acquired. The C-K, Ti-L2,3 and O-K edges are visible, and
these signals correspond to the hybrid nanomaterials (carbonnan-
odots, other form of C materials and TiO2 support NPs).
The Fig. 4(j) shows the energy loss near-edge features (ELNES)
of the C-K edge for these two  EEL spectra. These ELNES signals
consist of a !* peak at ∼285 eV and a well-defined "* band start-
ing at ∼292 eV [51,52,70–72]. These fingerprints are typical for the
sp2 hybridization of the C atoms. However, we can distinguish the
signatures of two  different types of C materials. The spectrum dis-
played in Fig. 4(j-ii) corresponds to an amorphous-like C, likely
from some adventitious carbon contamination inherent to the TiO2
nanoparticle. However, the EEL spectrum displayed in Fig. 4(j–i) is
closer to the signature of more organized/better structured sp2C
nanomaterial. In addition, this EEL spectrum displays two other sig-
natures: a peak at ∼288 eV and another at ∼291.8 eV. These peaks
can be assigned to: C C !* (from CH2 groups, after reduction by
the electron beam), and "* contribution from a carbonyl-like group
[71,72].
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Fig. 5. Surface chemistry analysis of the CND@TiO2 nanohybrids: a) FT-IR spectra comparing the commercial TiO2 nanoparticles before and after assembly with CDST and
CDM,  respectively; b) UV–vis absorption spectra of the TiO2 anatase nanoparticles before and after the assembly with the CDST and the CDM samples, respectively; Fitted
X-ray  photoemission spectra of the CDM@TiO2 hybrid corresponding to: c) the C1s region; d) the O1s region; e) the P2p region and f) the N1s region. Analogous XPS analyses
can  be found in the Electronic Supplementary Information for the CDST@TiO2 sample.
FT-IR spectroscopy analysis was also carried out to determine
the nature of the interaction between the CNDs and the anatase. The
major differences observed with respect to the bare TiO2 NPs before
CNDs assembly are related with the enhanced presence of vibra-
tional bands at 3300 cm−1 attributable to O H functional groups
as well as the bands at 1657 or 1711 cm−1 that depending on the
CNDs, correspond to C C and/or C O stretching vibrations55. These
features further suggest the effective presence of CNDs with their
specific surface oxidized states. Furthermore, the broader and red-
shifted absorption bands detected below 1250 cm−1 in comparison
with the uncoated TiO2 point out to an effective interaction with the
supports through the combination of Ti O C and Ti O Ti vibra-
tional bands or alternatively to the presence of P O C stretching
contributions associated to aromatic groups [56–58]. Finally, the
additional presence of bands at 1590 and 1390 cm−1 could suggest
the presence of amide groups through the presence of stretching
vibrations of N H and C N, respectively [55]. These bands look
more pronounced on the CDM@TiO2 hybrids which possess the
maximum compositional presence of N species (Fig. 2, Fig. 5a–f).
The partial contribution of structural adsorbed water or C H defor-
mation bands cannot be ruled out [55].
XPS analysis was  also performed to study the components and
surface chemistry of the CNDs/TiO2 nanohybrids. At a first glance,
a clear increment of the presence of carbon atoms was detected
on the surface of the nanohybrids (∼30–32%) in comparison with
the bare TiO2 support (∼19%) suggesting the presence of additional
carbonaceous entities (CNDs) accompanying the typical adven-
titious carbon deposits. Raman analysis of the commercial TiO2
support (Fig. S3) and the nanocomposites (Fig. S4) further sup-
ported the XPS outcome with a small contribution of carbon species
in the 1200–1650 cm−1 range in comparison with the strong sig-
nal stemming from the anatase phase. The incremental presence of
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C O/C N bonds at 285.6 eV and especially at 287.4 eV accounting
for C O bonds further corroborates the major presence of surface
functional groups associated to the CNDs (Figs. 5c and S5 in SI).
Again, the contribution of C C and especially C C features is pre-
dominant in the C1 s spectrum of both nanocomposites (Figs. 5c
and S5) but the specific differentiation can not be properly resolved
by this technique [59–61]. The absence of contributions at 281 eV
rules out the direct formation of C-Ti bonds and strongly suggests
the interaction via C O Ti links [30,73,74]. The contributions in
the O1s region at 528.9, 529.8 and 531.3 eV are typically ascribed
to O-Ti, (H)O C and O C/O = P bonds, respectively (Figs. 5d and S5
in SI) and confirm the presence of modified CNDs. Finally, the signal
registered from the N1s and P2p regions in the nanohybrids and the
absence of an equivalent signal on the original TiO2 support clearly
evidences the successful attachment of the CNDs (Figs. 5e–f and
S5 in SI). Both CND@TiO2 hybrids rendered an analogous signal in
the P2p region accounting for P-O/P-C bonds at 132.5 and 131.7 eV,
respectively and a surface atomic percentage slightly superior for
the CDST@TiO2 sample (∼1.5% vs. ∼1% for hybrid containing CDMs).
In contrast, the N1 s region rendered a 2.5-fold higher presence of
N entities in the CDM@TiO2 hybrid (∼2.6% vs. ∼0.9%) with a similar
contribution centered at 399.4 eV.
Taking into account the formerly described FTIR results (vide
supra), the N contributions in the mate-derived hybrids can be
likely attributed to the combined presence of amides function-
alities and aromatic N C bonds in terminal positions whilst the
stevia-derived hybrids only accounts for heteroatomic substitu-
tions in the carbon network [62,64]. Finally, it is worth mentioning
that slight shiftings on the binding energies (B.E.) of the Ti2p3/2
and Ti2p1/2 contributions observed in the photocatalytic CND@TiO2
hybrids are consistent with a stronger interaction between CNDs
and TiO2 via C O Ti links [30,73,74]. Likewise, the formation of
O Ti N linkages via N− anionic species interacting with the TiO2
lattice previously observed in other N-doped CNDs [30,73,74] can
be ruled out due to the absence of lower B.E. contributions, even in
the CDST@TiO2 samples with lower N content.
From the optical point of view, the effective assembly of the
CNDs was also identified by UV–vis spectroscopy in Fig. 5b. A
broader absorption band with a tail extending towards the visible-
NIR range was detected for both nanohybrids in comparison with
the bare support. These changes account for the effective modifica-
tion of the band gap properties of the semiconductor support and
the positive influence of the N, P heteroatoms and different sur-
face state groups able to create novel conjugated and hybridized
energy levels (vide infra in the next section for further discussion)
[56,68,69,75]. It is especially remarkable the enhanced absorption
in the CDM@TiO2 composite that can be attributed to the contri-
bution of extra n-!*  transitions provided by additional N energy
levels [34,76].
3.3. Visible-light driven photodegradation of 2,4-dichlorophenol
in the presence of the CNDs@TiO2 nanohybrids
The photocatalytic activity of the CNDs@TiO2 nanohybrids was
tested against the degradation of an aqueous solution containing
2,4-DCP, a recalcitrant and toxic pesticide pollutant, under visible
light irradiation. Fig. 6a shows the evolution on the concentra-
tion of the chlorinated pollutant at different cumulative irradiation
times in the visible-light range using a fluorescent lamp with cut-
off filter at " < 420 nm.  The photocatalytic response of anatase NPs
before and after the assembly with the two CNDs has been com-
pared. It becomes clear that the CNDs positively contribute to
enhance the visible-light driven photocatalytic degradation of 2,4-
DCP in comparison with the uncoated TiO2 support. After 60 min
of irradiation, only the hybrid containing the carbon dots stem-
ming from mate is able to achieve total degradation of 2,4-DCP.
Fig. 6. a) Visible-light driven photocatalytic degradation of 2,4-DCP upon dif-
ferent cumulative irradiation times in the presence of TiO2, CDST@TiO2 and
CDM@TiO2, respectively; [2,4-DCP]0 = 0.025 mM;  [catalyst] = 0.2 g L−1; b) Apparent
kinetic degradation rates (Kapp) for 2,4-DCP obtained from the slope of the semi-log
plot for the 2,4-DCP degradation (see Experimental Section for details on the pseudo-
first-order kinetic model); c) Schematic view of the most plausible light-induced
charge-transfer process occurring on the CNDs@TiO2 nanohybrids.
In contrast, the uncoated TiO2 barely reaches a 30% while the
CDST@TiO2 outcome is close to 40% degradation. Therefore, the per-
formance of the CDM@TiO2 clearly exceeds not only that of TiO2,
but also the performance of the CDST@TiO2 counterparts account-
ing for an analogous ∼1% wt  loading. This is in fact corroborated by
the higher apparent rate constants determined for the CDM@TiO2
photocatalyst after the application of a Langmuir-Hinshelwood
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Table 1







GO/g-C3N4 10 g/L cat
61 mM DCP
0.008 min−1 Xe short arc lamp (CHF-XM35-150W, Beijing Changtuo Co.)
served as the visible light source, (! > 400 nm)
[80]
ZnO 0.5 g/L Cat
120 mM DCP
180 min/93% 300 W Xe lamp (PLS-SXE300, Beijing Trusttech Co. Ltd.)
equipped with an ultraviolet cutoff filter was employed as the
light source to provide visible light (! ≥ 400 nm)
[83]
TiO2@C 1 g/L Cat
300 mM DCP
5 h/100% 1000 W halogen lamp was used as the light source of the
homemade photoreactor, cooled with flowing water in a
quartz cylindrical jacket around the lamp. The short
wavelength components were cut-off (! < 420 nm)
[82]
BiOI@Bi12O17Cl2 1 g/L Cat
61 mM DCP
2,4-DCP: 47% in 8 h visible light irradiation (500 W Xe lamp, ! > 420 nm) [89]




ozone = 3.188 × 10−3 mol/L [81]
Au/"-Bi2O3 1 g/L cat
0.1 mM DCP
65% 7 h 300 W Xe-arc lamp (CHF-XM150, Beijing Trusttech. Co. Ltd.)
equipped with a wavelength cutoff filter of ! = 420 nm,
[90]




A 1000 W halogen lamp was  used as the light source of the
homemade photoreactor, The short- wavelength components
were cut-off (! < 420 nm)
[87]
Ag-AgI/Al2O3 1.7 g/L Cat
61 mM DCP
81% TOC in 15 min  350 W Xe-arc lamp (Shanghai Photoelectron Device Ltd.)
equipped with wavelength cutoff filters for ! > 420 and 450 nm
and focused onto the beaker.
[91]
N-TiO2 1 g/L Cat
613 mM DCP
50%/5 h 1000 W halogen lamp was used as the light source of the
homemade photo-reactor, The short wavelength components
(!  < 420 nm)
[86]
Ag-AgBr/MAP 1.7 g/L Cat
61 mM DCP
100% 20 min  350 W Xe-arc lamp (Shanghai Photoelectron Device Ltd.)
equipped with wavelength cutoff filters for ! > 420 and
focused onto the beaker.
[92]
TiO2/Au NPs 10 g/L cat 0.0095 min−1
R2 = 0.996
high pressure xenon short arc lamp (CHFXM35−500W, Beijing
Changtuo Co.) was served as the light source, a glass filter
(ZUL0422, Asahi Spectra Co.) was added to allow visible light
(! > 420 nm)  to pass through.
[93]
WO3/TiO2 1.1 g/L Cat
123 mM DCP
0.2618 min−1 A 1000 W halogen lamp was  used as the visible light source
(the average light intensity was  60 mW cm−2) and the light
from the lamp included beams from ultraviolet and visible
light regions. The short-wavelength components (! < 420 nm)
[85]
"-Fe2O3 1.5 g/L cat
0.5 mM DCP
1.61E−4 M/h  The lamp has a wavelength distribution simulating so- lar
radiation showing an integrated photons emission of 7% of the
total radiation between 290 and 400 nm.  The irradiation
vessels used were 60 mL  cylindrical Pyrex flasks (cutoff ! ≈
290 nm)
[88]
V-TiO2 1 g/L cat
613 mM DCP
8h-90% 300 W high-pressure Hg lamp and a 1000W tungsten halogen






Kapp = 0.004 A 1000 W halogen lamp was  used as the light source. The
short- wavelength components were cut-off (! < 420 nm)
[94]
RGO/ZnFeO4/Ag3PO4 2 g/L cat
123 mM DCP
K = 0.0116 min−1
R2 = 0.9920
300 W Xe lamp and a 1000W with a UV cut-off filters
(!  < 420 nm)
[54]
P25 0.1 g/L cat
1.5 mM DCP
K = 0.0328 min−1 125 W (Philips HPL-N) Hg lamp [79]




Xe lamp with cutoff filter at
! < 420 nm
[30]
model and the adjustment to a pseudo-first-order kinetics (Fig. 6b).
The apparent first order constants (kapp), determined by linear
fitting to the experimental data, indicate a very limited degrada-
tion when TiO2 was used (kapp = 0.0047 min−1) that was duplicated
upon the assembly of the CDST (kapp = 0.0088 min−1) and 10-fold
enhanced in the presence of the CDM (kapp = 0.0571 min−1) (Fig. 6b).
Analogous kinetic constants have been recently reported by Pas-
trana et al. for nanodiamond-TiO2 composites deposited by atomic
layer deposition toward the decomposition of diphenhydramine,
a model pharmaceutical pollutant[69,77]. Likewise, these results
have been also compared specifically with other photocatalysts
reported for the degradation of 2,4-DCP and summarized in Table 1.
Although a great number of studies have been previously devoted
to UV-light assisted degradation of phenols [78,79], Table 1 is
mainly focused on visible-light driven photocatalytic degradation
processes assisted by carbon based systems [80,81], C-decorated
titania [30,82], undoped [83] or doped semiconductors [84–87],
iron-based Fenton catalysts [54,88] and plasmonic photocatalysts
[89–93]. It is worth mentioning that the CDM@TiO2 kinetics exhibit
an analogous or superior performance, even in comparison with
P25 operating in the UV range [79] (k = 0.0328 min−1, see Table 1).
Hence, our recent results operating with amine-derived CNDs
sensitizers did not achieve total degradation even after longer pho-
toirradiation periods [30].
Some very recent reports have shown the positive influence
of combining carbon structures with TiO2 to improve its visible-
light response, including the direct doping of titania with C atoms
and the coating with carbonaceous layers, carbon dots or graphene
layers [68], largely using model dyes. In contrast, the number of
photocatalytic studies devoted to chlorinated wastewater samples
or pharmaceutical pollutants has been scarce or more focused on
Fenton catalysts and other AOPs [4,68,69,95,96]. Other analogous
systems containing carbon-based sensitizing materials in the form
of CNDs, Graphene Oxide or C3N4 did not outperform our mate-
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Fig. 7. a) NIR-light driven photocatalytic degradation of 2,4-DCP upon different cumulative irradiation times in the presence of CDM@TiO2 and comparative quenching
experiments in the presence of 1-butanol or EDTA-Na2; b) NIR-light driven photocatalytic degradation of 2,4-DCP upon different cumulative irradiation times in the presence
of  CDST@TiO2 and comparative quenching experiments in the presence of 1-butanol or EDTA-Na2; [2,4-DCP]0 = 0.025 mM;  [catalyst] = 0.2 g L−1; c) Fluorescence spectra of
the  different solutions of the hydroxylated derivative of terephthalic acid after different irradiation times of CDM@TiO2 under NIR-LED light; d) Fluorescence spectra of the
different solutions of the hydroxylated derivative of terephthalic acid after different irradiation times of CDST@TiO2 under NIR-LED light; Experimental conditions describe
in  the Experimental section; e) Proposed reaction and degradation mechanism of 2,4-DCP based on previous results on the literature and the reaction intermediates detected
by  GC–MS analysis (highlighted with dashed rectangles).
based photocatalytic nanocomposite (see Table 1). Here we  not
only show that the combination of carbon structures with anatase
can be used for the efficient photocatalytic degradation of recal-
citrant pollutants (2,4-DCP), but also that these carbon structures
must have certain physicochemical properties to be effective, i.e.,
not all carbon dots are alike even when, as in this case, they are of
similar size and obtained through analogous routes from natural
plants. This accounts for the high charge-transfer efficiency of the
CDM in a broader spectral range attributable to their upconversion
properties.
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The light-induced charge-transfer mechanism likely responsi-
ble for the photocatalytic efficiency of the CDM@TiO2 nanohybrid in
the visible range, is schematically displayed in Fig. 6c. The presence
of N and P heteroatoms in the CNDs favors a broader absorption
capacity in the visible range due to the introduction of additional
dopant-induced states close to the LUMO level of the CNDs (n → !*
transitions caused by C N, C = P conjugated bonds). Moreover, the
presence of surface oxidized groups such as C O, P = O or COOH can
additionally favor band-bending effects and a more effective sepa-
ration of photocarriers due to the partial hybridation of ! levels of
carbon and O2p levels located above the HOMO level of the CNDs
[68,96]. Therefore, CNDs act as effective photosensitizing agents
and electron reservoirs able to improve the charge-transfer photo-
induced ability of the anatase NPs by facilitating the mobility of
electrons to the conduction band of TiO2 and concomitantly hin-
dering recombination. The electrons can be shuttled freely along
the conducting network of CNDs, while the longer-lived holes on
TiO2 account for the higher activity of the complex photocata-
lyst system. The electron/hole pairs then react with the adsorbed
oxidants/reducers (usually O2/OH−) to generate reactive oxygen
species (e.g. •O2−, •OH), which cause degradation of the organics
contaminant proposed.
In order to corroborate the proposed mechanism and the role
of the upconverting CDM, an additional set of photodegradation
experiments were carried out upon illumination with a specific
NIR-LED operating at 740 nm.  In addition, a series of quench-
ing experiments in the presence of 1-butanol and EDTA-Na2 (a
hydroxyl and hole scavenger, respectively) [54,97] were also per-
formed to assess the role of these ROS in the overall degradation of
2,4-DCP. Hence, the in-situ and selective generation of ·OH radicals
under NIR illumination was also confirmed with the aid of tereph-
thalic acid, a selective probe that becomes fluorescent only when
interacts with these hydroxyl radicals [30,49]. Fig. 7a–b shows the
clear differences between the photocatalytic performance of the
CDM@TiO2 composites and the CDST@TiO2 ones. This result further
supports the expanded sensitizing action of the upconverting nan-
odots even beyond the visible range. It also demonstrates the active
role of the OH radicals in the effective photodegradation of the pol-
lutant (Fig. 7c–d). More importantly, it attributes a very active and
important role to the presence of holes given the detrimental effect
of EDTA-Na2 on the photodegradation effectiveness (Fig. 7a).
A plausible degradation pathway for the 2,4-DCP is proposed
and depicted in Fig. 7e. This scheme is based on previous works
in the literature [53,54,98,99] and the intermediates detected by
GC–MS analysis in our system at different irradiation times. These
analyses detected that the 2-Chlorophenol (m/z = 131, exact mass
128) is the aromatic intermediate formed, and its concentration
decreases sharply at the beginning the photocatalytic time, giv-
ing rise to the appearance of other acidic reaction intermediates of
low molecular weight, such as glyoxylic acid (m/z = 74), oxalic acid
(m/z = 90), formic acid (m/z = 46), and acetic acid (m/z = 60), suggest-
ing that CNDM@TiO2 system is effective towards the degradation
of 2,4-DCP.
Finally, it is also worth mentioning that both CDM@TiO2 and
CDST@TiO2 catalysts could be easily recycled by simple centrifu-
gation and replacement of the pollutant solution. The results (Fig.
S6 in SI) showed no loss of activity over 4 reuse cycles and the
TEM inspection of the reused photocatalysts did not show any rel-
evant morphological modification on the catalysts after multiple
reaction cycles (Fig. S7). Interestingly, the stevia based nanocom-
posites revealed an apparently major fraction of a carbonaceous
layer covering the outer surface of the catalyst particles that we
attribute as one potential cause for the deactivation observed in
their photocatalytic activity (Fig. 6a) as a result of the formation
and/or co-deposition of a competing reaction intermediate that
modified the degradation kinetics of the 2,4-DCP [100,101].
4. Conclusions
Upconverting carbon nanodots prepared by pyrolysis of Mate
herb leaves have shown excellent response as photosensitizers to
expand the photocatalytic activity of anatase supports into the vis-
ible range. Interestingly, carbon nanodots with a similar or smaller
size prepared from Stevia plant leaves using the same process did
not show upconverting properties and displayed a considerably
smaller photocatalytic activity (though they were still more active
than commercial anatase or P25 under visible light). Both types
of CND/TiO2 hybrids show similar presence of oxygenated species
on their surface, and analogous content of P. The main difference
in the physicochemical characterization is the higher content of
N-containing species on the CDM@TiO2. This higher presence of
N heteroatoms seems to be determinant on the broader absorp-
tion capabilities of the CDM spanning from visible to NIR and their
enhanced up-converting behavior. Thus, the much higher photo-
catalytic activity of this nanohybrid can be explained as the result
of the capacity of the CDM@TiO2 to absorb light in a broader range
(including NIR) and inject electrons in the conduction band of
anatase to generate highly reactive holes and hydroxyl radicals.
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a b s t r a c t
Although several methods on the preparation of carbon nanodots (CNDs) emitting throughout the visible
have been recently reported, in most of the processes the product suffers from inhomogeneity in size and
shape limiting their impact. Here, we report the synthesis of undoped and nitrogen-doped luminescent
carbon nanodots by rapid pyrolysis using ordered mesoporous silica nanorods as confining templates. A
rapid thermal decomposition (pyrolysis) within the confined dimensions of their pores leads to a highly
uniform size distribution of CNDs with average sizes below 4 nm. These CNDs are synthesized in an
extremely short time period (5 min of reaction) by immersion in a fluidized-bed reactor that provides
heating homogeneity and ensures fast heat transfer. In addition, a rapid release of the homogeneous
CNDs can be easily achieved by a simple ultrasonication-filtration step that prevents further chemical
action on the mesoporous templates. The emission of both undoped and N-doped CNDs in colloidal and
solid state (with an efficiency of 1e5%) originates from a combination of quantum confinement effects
and the presence of oxidized surface states; N-doping introduces resonant absorption states which
participate in emission. Furthermore, we present a simple model to describe the excitation-dependent/-
independent mechanism of carbon nanodots.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Carbon nanomaterials (graphene, fullerenes, nanotubes, and
carbon nanodots (CNDs) in particular) have been widely studied
during the past years due to their optoelectronic properties and
their potential applications [1]. The most exciting property of CNDs
is their photoluminescence (PL), which can be tuned by varying the
excitation wavelength [2,3]. Furthermore, they show low toxicity
and can be synthesized from an unlimited number of carbon
sources, with feasible large scale production and excellent
chemical- and photo-stability [4e6]. CNDs have been successfully
used for different purposes, such as sensing, bio-imaging, drug
delivery, photocatalysis, and photovoltaics [7e10].
The PL mechanism of CNDs and its excitation dependence have
been studied in-depth and related to numerous effects, such as
quantum confinement (QCE), surface traps and solvent polarity (or
“giant red-edge effect”). However, a clear and unified theory is still
missing [11]. One of the issues is the CNDs' variability as their
composition, structure and properties depend on the rawmaterials
used as carbon sources and the production method (temperature,
pressure, solvent) employed.
Numerous synthetic routes have been reported for the pro-
duction of CNDs, such as laser ablation [12], electrochemical
oxidation [13], electrochemical etching [14e16], microwave assis-
ted reaction [17] and hydrothermal synthesis [18]. Nonetheless, the
control of the process to yield a product homogeneous in size and
shape is still challenging. Also, clean and efficient methods to
reduce processing times are needed. A possible approach to obtain
a uniformmaterial is to use an external template able to restrict the
* Corresponding author. Institute of Physics, University of Amsterdam, Science
Park 904, 1098 XH, Amsterdam, The Netherlands.
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size and shape of the generated nanostructures. In this regard,
micelles [19], mesoporous silica [20] and zeolites [21] have already
been used as confining nanoreactors in the production of CNDs. On
the other hand, the production of CNDs by pyrolysis (thermal
decomposition at high temperatures in the absence of oxygen) is
revealed as a simple and efficient method [22]. Therefore, an ideal
methodology to synthesize CNDs would be to place the carbon
precursor within the pores of an inorganic structure able to with-
stand the conditions required for pyrolysis. Baldovi et al. [21] pro-
posed this idea using zeolites. However, this required long reaction
times of up to 24 h and restricted pore sizes to the sub-nanometric
range that involved additional chemical or purification steps to
retrieve the CNDs.
Here, we report the synthesis of undoped and N-doped CNDs
obtained by a rapid pyrolysis method using ordered mesoporous
silica nanorods as hosting nanotemplates. These silica-based
nanostructures have been successfully used to: (i) load two
different organic precursors such as citric acid (CA) or ethyl-
enediaminetetraacetic acid (EDTA), (ii) induce their thermal
decomposition (pyrolysis) within the confined dimensions of their
porous walls, and (iii) render a highly uniform size distribution of
CNDs. This work attempts to shed light on the PL behavior of CNDs
without incurring into the necessity of dissolving the mesoporous
silica structure. In many of the common CNDs synthesis methods, a
variety of shapes and compositions are possible, due to: (i) the
gradients of temperature and concentration that inevitably appear
in the batch processes leading to different growth rates for different
regions of the reactor and (ii) the possibility of agglomeration of
growing nanoparticles during the long synthesis processes. By
confining the precursors into a porous structure we expect to
alleviate both problems. Also, by accelerating the synthesis process,
the opportunity for agglomeration would also be minimized. In
addition, the rapid pyrolysis method used allows the syntheses to
be completed in a short period of time (5 min of reaction) by im-
mersion in a fluidized-bed reactor that provides a fast heating and a
high homogeneity in the heating environment [23,24]. The struc-
ture of the silica hosting matrix allowed the synthesis of undoped
and N-doped CNDs simply by changing the nature of the precursor
hosted in the pores. On the other hand, the high aspect ratio of the
nanorods provides a longer diffusion path favoring a high degree of
pyrolysis within the pores. Furthermore, the CNDs were success-
fully retrieved from the mesoporous template by simple ultra-
sonication and in the absence of additional chemical treatments
involving the digestion of the template. The influence of the
incorporation of dopants such as nitrogen, which is known to alter
the optoelectronic characteristics of CNDs [25,26], has been eval-
uated by a thorough analysis of the chemical and optical properties
of both products, undoped and N-doped CNDs.
2. Experimental
2.1. Chemicals
Tetraethylorthosilicate (TEOS, 98%), hydrochloric acid (HCl,
37%), ammonium fluoride (NH4F, 98%), heptane (99%), poly(-
ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) average Mn ~5800 (Pluronic® P-123), lithium chloride
anhydrous (LiCl, 99%), sodium chloride (NaCl, 99%), potassium ni-
trate (KNO3, 99%), citric acid (CA, 99.5%) and ethyl-
enediaminetetraacetic acid (EDTA, 99.995%) were obtained from
Sigma-Aldrich. All chemicals were of analytical purity grade.
2.2. Synthesis of ordered mesoporous silica nanorods
Orderedmesoporous silica nanorods were prepared by a slightly
modified hydrothermal synthesis according to previously reported
procedure [27]. In a typical synthesis, 1.2 g of P-123 and 0.014 g of
NH4F were first dissolved at 20 !C in 40 mL of HCl (1.75 M) solution
under stirring. Upon complete dissolution, 2.75 mL of TEOS and
8.5 mL of heptane were added drop wise and left under stirring for
8 min. The aged precursor mixture was hydrothermally heated at
100 !C for 24 h in a Teflon-lined autoclave. The solid product was
then filtered, washed three times with distilled water, and dried at
60 !C overnight. The removal of the organic template was carried
out by calcination with a heating ramp of 1 !C min"1 up to 550 !C
and a dwell time of 6 h in flowing air.
2.3. Synthesis of undoped and N-doped carbon nanodots
In a typical experiment, 200 mg of the calcined silica nanorods
and 100 mg of the selected organic precursor (citric acid or EDTA)
were mixed and sonicated in 0.5 mL of a solution containing NaCl,
LiCl and KNO3 (mass ratio 20:5:5). The mixture was dried in an
oven at 60 !C for 10 min and a fraction of the resulting powder
(20 mg) was placed in a quartz capillary (Øin ¼ 8 mm) designed
with inlet-outlet outfits (Øin¼ 6mm) for inert gas feeding (nitrogen
flow rate 3 L h"1). The capillary tube was introduced inside a sand
fluidized bed (8 cm bed height) used to induce the formation of a
bubbling fluidized bed via air bubbling (flow feeding rate 15 L h"1)
(see Fig. 1). This fluidized bed configuration promotes a rapid and
homogeneous heating during the rapid pyrolysis process carried
out by immersion of the tubular reactor containing themesoporous
solids inside the bubbling fluidized bed set at 500 !C under the
inert atmosphere provided by nitrogen. The fluidized bed was kept
at 500
!
C for 5 min and allowed to cool down to room temperature.
After the flash pyrolysis process, a brownish-pale yellow solid was
obtained. This powdered solid was extensively rinsed and ultra-
sonicated in water for 15 min to facilitate the release of the car-
bon nanostructures generated within the silica nanoreactor. The
supernatant containing the CNDs was passed through a 10 nm cut-
off filter. The final yellow solution containing the CNDs was stored
without any further treatment prior to use. The experiments have
been performed by the platform of Production of Biomaterials and
Nanoparticles of the NANBIOSIS ICTS, more specifically by the
Nanoparticle Synthesis Unit of the CIBER in BioEngineering, Bio-
materials & Nanomedicine (CIBER-BBN).
2.4. Characterization techniques
The morphologies and particle size distributions were deter-
mined by transmission electron microscopy (TEM) (FEI Tecnai T20
and Titan3 High-Base operated at 200 kV and 300 kV, respectively).
To prepare the samples, the nanoparticle suspensions were diluted
with water prior drop-casting on a holey copper grid. The average
size distribution of CNDs was statistically estimated over 200 par-
ticle counts. The surface chemistry analysis of the nanoparticles
was carried out by Fourier transform infrared (FTIR) spectroscopy
using a Bruker Vertex 70 FTIR spectrometer using the horizontal
attenuated total reflectance (ATR) mode and by X-ray photoelec-
tron spectroscopy (XPS) with an Axis Ultra DLD (Kratos Tech.). A
monochromatic Al Ka source (1486.6 eV) was employed with
multiple runs at 12 kV,10mA and pass energy of 20 eV. The binding
energies were calibrated to the internal C1s (284.2 eV) standard.
Curve-fittings were performed with CasaXPS software, using a
weighted sum of Lorentzian and Gaussian components after Shirley
background subtraction. Raman spectra were acquired with a Laser
Raman WiTec Alpha 300 spectrometer using the green exciting
radiation (532 nm) from an Arþ ion laser. All measurements were
performed at room temperature.
The PLE spectra of concentrated undoped and N-doped CNDs
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samples were measured using a Horiba Fluorolog-21 spectrofluo-
rometer with a xenon lamp as an excitation source. Absorption
measurements of these samples were conducted with a Perkin
Elmer UVeVis Lambda 950 spectrometer. To prevent absorption
saturation in the high absorption regime, we diluted the above
undoped and N-doped colloidal samples 15 and 10 times, respec-
tively. The absolute photoluminescence quantum yield (PL QY)
measurements were performed in a Newport integrating sphere in
order to avoid problems dealing with directionality of reflectance,
scattering and emission from these samples; a xenon lamp coupled
to a Solar MSA130 monochromator was used to reach a stable and
low excitation intensity regime. We used the 7.5 cm and 10 cm
integrating spheres to measure PL QY of solid state and colloidal
samples, respectively. The details can be found in the Supporting
Information.
The nanosecond PL dynamics were measured by using the
frequency-doubled output of a tunable Ti:sapphire laser system
(Chameleon Ultra, Coherent) providing 140 fs pulses at
lexc ¼ 360 nm with the repetition frequency of 8 MHz, and the PL
emission was detected using a Newport CS260-02 monochromator
coupled to a MCP Hamamatsu detector Hamamatsu (R3809U-51).
The PL dynamics were investigated at 430, 445 and 460 nm. For
each of them, 2 different excitation powers were employed to
validate the linear excitation regime in terms of the relevant par-
allel PL dynamic traces (in logarithmic scale), as can be seen in
Fig. S1. To calculate the lifetime from the dynamics traces, we divide
the time window into 2 parts:
(1) For relatively long delay times (multiple nanoseconds), the
decay dynamics trace follows a single exponential decay:






With I0 the initial amplitude, t the delay time, IBGN the back-
ground signal and tsingle is the single exponential lifetime.
(2) For short time delays, directly after the pulse, the PL mech-
anism is fitted in terms of the sum of a stretch exponential
and the before mentioned single exponential function:













With I1 is the amplitude of the stretch exponential function, b
the stretching exponent and tstretch the lifetime of the stretched
function.
3. Results and discussion
3.1. Rapid pyrolysis of organic precursors hosted within rod-shaped
mesoporous silica templates and morpho-chemical characterization
of undoped and N-doped CNDs
Fig.1 shows a scheme of the different synthesis steps carried out
to obtain the CNDs. SBA-15 rod-shaped silica mesostructures with
straight parallel porous channels were synthesized in first place
following a hydrothermal approach previously reported by Oden
et al.where reaction times were shortened to ensure the formation
of rods in the nanoscale [27] (see Fig. 2a and b for SEM and TEM
Fig. 1. Scheme describing the different steps carried out to synthesize the mesoporous silica nanorod templates, the nanochannels loading with either citric acid or EDTA, and the
rapid pyrolysis treatment carried out in the fluidized bed reactor at 500 $C to render confined undoped and N-doped CNDs, respectively. (A colour version of this figure can be
viewed online.)
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images of the SBA-15 nanorods, respectively). Calcination was
required to remove the P-123 surfactant used as structuring agent
and release the pores. After calcination, the SBA-15 nanorods were
immersed in a suspension containing different salts (see
Experimental Section) and the organic precursors to be loaded
within the channels of the porous support (either citric acid or
EDTA containing amine groups to promote N-doping). Subse-
quently, the loaded SBA-15 pellets were subjected to rapid pyrolysis
treatment by immersion within a bubbling fluidized sand bed at
500 !C in the presence of an inert atmosphere of nitrogen. Ther-
mogravimetric analysis revealed that an effective loading of the
organic precursors was successfully achieved (up to 33%wt. loading
that diminished to approximately 25% wt. after the pyrolysis
treatment).
This reactor configuration enabled the effective pyrolysis of the
organic precursors selected as carbon sources and the formation of
multiple CNDsencasedwithin the channels of the silica nanoreactor
after only 5 min of reaction, as shown in Fig. 2c and d. High-
resolution TEM analysis of the freestanding CNDs further corrob-
orates their crystalline structure (Figs. 2e, f and 3c, d). Lattice
spacings of 0.210 nm and 0.180 nm corresponding to (100) and
(102) diffraction planes of graphite have been identified in Fig. 3c.
Likewise, the N-doped CNDs also exhibited a similar crystallinity in
spite of their lower mean sizes and 0.204 nm spacings of the (101)
diffraction planes in graphite have been also identified in selected
nanoparticles (Fig. 3d). In addition, Fig. 3a and b and S4 show the
extremely good self-assembly layers of the freestanding CNDs
successfully retrieved from the rod-shaped SBA-15 nanotemplates
after rinsing, ultrasonication and filtration steps (see Fig. 1 and
Experimental Section). This is attributable to the narrow size
Fig. 2. (a) SEM and (b) TEM images of SBA-15 nanorods after calcination without carbon precursor. (c, d) TEM images showing the loading and confining of CNDs within the
mesochannels of SBA-15 nanorods after the flash pyrolysis treatment of CA and EDTA in the fluidized-bed reactor, respectively. (e, f) High-resolution TEM detail of the CNDs encased
within the mesoporous SBA-15 nanorods.
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distribution of the CNDs estimated as 3.4 ± 0.4 nm and 2.3 ± 0.3 nm
for the samples retrieved from CA and EDTA initial carbon pre-
cursors, respectively (Fig. 3). The differences observed for both
carbon types in terms of average diameters are strongly dependent
on the specific carbonization-passivation process for each organic
precursor, as demonstrated in previous reports [28,29]. Average
CNDs concentrations within the range of 1.00e1.25 mg mL!1 were
typically obtained with estimated 80% extraction efficiencies. No
evidences of other organic aggregates could be detected by TEM
inspection. Furthermore, the high pore diameter of the synthesized
SBA-15 nanorods (8.43 nm determined by BET) has probably
enabled a more straightforward release of the newly formed CNDs
in contrast with former silica supports where chemical attacks and
digestions were necessary to dissolve the inorganic templates and
free the carbogenic cores [20,21]. The sample derived from CA will
be hereafter labeled as undoped CNDs and the dots obtained from
EDTA will be referred as N-doped CNDs.
The surface chemical composition of the CNDs was analyzed by
X-ray photoelectron spectroscopy (XPS) resulting in 73.5% C and
26.5% O for the undoped CNDs and 71.5% C, 27.6% O and 0.9% N for
the N-doped counterparts. Fig. 4 compares the high resolution C1s,
O1s and N1s X-ray photoemission spectra corresponding to the
undoped and the N-doped CNDs, respectively. Using curve-fitting
analysis, the C1s contribution of the undoped CNDs can be
mainly assigned to CeC bonds at 284.2 eV (37% intensity contri-
bution) and to CeO (hydroxyl, ether-like) groups at 285.5 eV (28%
contribution). An additional and minor contribution of more
oxidized species (i.e. carbonyl and carboxylic) at 287 and 288.9 eV
further confirms the high presence of surface oxidized moieties
dominating the first layers of the undoped CNDs. On the contrary,
the N-CND sample shows a much lower contribution of highly
oxidized species and its second major contribution is broader and
shifted to higher binding energies (BEs). This can be attributed to
the presence of CeOeC, CeOH and/or CeN species [30]. The O1s
spectra show two main contributions of C/O species. The first one
located at ~532.8 eV is usually associated to oxygen atoms bonded
to C through sp2 orbitals (i.e. aromatic species, carboxylic species)
while the second is centered at ~531.5 eV and it is tentatively
assigned to oxygen bonded to carbon through aliphatic sp3 orbitals
[31,32]. The relative contribution of each peak further corroborates
the major presence of sp3 bond-type in the N-doped sample.
Finally, the evaluation of the N1s region confirms the presence of N
within the carbon nanostructure prepared from the EDTA source
and the negligible presence of any type of species in the undoped
CNDs generated from CA. The peak at 399.3 eV can be attributed to
N intercalated in terminal or bridge positions of the carbon network
according to the criteria of Pels and Sanchez-Lopez [33,34].
Raman spectroscopy can be also used as a tool for the surface
characterization of partially ordered carbon materials with an
estimated analysis depth of 100 nm. The first-order Raman spectra
corresponding to both CND samples reveal a similar pattern with
two relatively broad bands centered at ~1350 cm!1 and ~1580 cm!1
Fig. 3. Low magnification TEM images of the freestanding carbon nanodots after their release from the rod-shaped templates via ultrasonication and filtration: a) Undoped and b)
N-doped CNDs, respectively. The insets in (a) and (b) reveal the particle size distribution determined for each type of CNDs and their emission under UV lamp illumination
(365 nm); c-d) High resolution TEM images of the undoped and N-doped CNDs, respectively. The insets refer to the FFT analysis carried out on the nanoparticles highlighted in a
yellow square and corresponding to graphitic diffraction spots. (A colour version of this figure can be viewed online.)
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with certain overlapping between them that are typically denoted
as D band (typical of structural disorder and defects and sp3 coor-
dination) and G band (typical of graphitic order and sp2 bonding),
respectively (see Fig. S5). It is noteworthy that both samples seem
to show a third contribution located at ~1505 cm!1 which has been
previously denoted as D band and associated with amorphous sp2-
bonded forms of carbon interstitial defects, thereby pointing out to
the existence of outer defective layers in CNDs [32]. The FTIR
spectrum (Fig. S6) shows peaks around 3369 cm!1 corresponding
to the stretching mode of the OH group. In undoped CNDs, the
stretching vibrations of C]O and CeO at about 1634 and
1219 cm!1, respectively, and the absorbance peak at 1053 cm!1 can
be assigned to the epoxide group (CeO), thereby confirming the
existence of oxidized species pointed out by XPS analysis. On the
other hand, the N-doped CNDs exhibit peaks at 1627, 1387 and
1079 cm!1 belong to the stretching vibration, indicating that the
existence of C]O, CeOeO! and CeOeC group, indicative to the
presence of carboxylic group, and the stretch peak of CeC appears
at 1347 cm!1. The CeN stretch was also observed at 1310 cm!1 and
the deformation vibration of eNH assigned at 1493 cm!1, confirms
the presence of N-doped species potentially attributable to amide,
secondary amine or carbamate groups [30,33,34].
3.2. Optical characterization of colloidal undoped and N-doped
CNDs
In Fig. 5 we present the optical characterization of the water-
dispersed CNDs. Both undoped (Fig. 5a) and N-doped (Fig. 5c)
CNDs show a strong optical absorption for UV excitations
(<320 nm) with an absorption tail extending to the visible regime
(absorption spectra depicted by the black dashed lines), as often
observed for CNDs [1]. Typically, p-p* (C]C), n-p* (C]O) and s -p*
transitions can be found around excitation wavelengths of
230e250, 300, and 330 nm, respectively [35,36]. While we could
not separate the contributions of these transitions, a distinct band
appears at around 320 nm for the N-doped CNDs, which is attrib-
uted to the n-p* transition induced by the amino groups at the
surface [37]. The absorption enrichment due to the extra n-p*
transition is functional for photonic properties as it leads to emis-
sion enhancement (Fig. S7). Both colloidal systems show identical
blue emission with the PL maximum around 420 nm. The origin of
the emission of CNDs remains under debate, and could be the
(combined) result of the following mechanisms: (i) the carbon
core-related origin of emission resulting from the p-p* transition of
sp2 clusters assisted by the QCE [1,38], (ii) the functional groups,
surface states which behave as energy traps [39]. On one hand, we
note that oxygen functional groups are generally considered to
facilitate green-shifted emissions [40]. On the other hand, in first
instance, the QCE model seems to be tackled by the size-
independent emission as the undoped and N-doped CNDs have
different average sizes. This can however be explained by the for-
mation of several isolated sp2 clusters within the carbon matrix
which are responsible for the emission, with their size being in-
dependent of the total CND size. This is expected from the existence
of both sp2 and sp3 bonded carbon (as observed by Raman spec-
troscopy in Fig. S5) and it is in line with other studies [36,41].
Furthermore, the PL tunability with excitation wavelength
(visualized by the blue dashed lines in Fig. 5b and d) is generally
found in carbon nanostructures [42,43]. It is attributed to multiple
effects, such as the QCE,33 surface traps,39 or reorganization of the
solvent's polarization [42e45], and is therefore still under debate
[11]. According with our results, we tend to explain our excitation-
dependence behavior from a simple down-shifting perspective; for
broad emission spectra (whether originated from the QCE of size-
dispersed sp2 islands or simply because of surface traps), color
tunability is inevitably achieved by down-conversion of excitations
within the excitation spectrum. To our knowledge, all observations
of excitation-dependent PL on CNDs are achieved by exciting the
sample within the PL spectrum. This model, which we actually
perceive as a PL shifting artifact, would explain most e if not all e
Fig. 4. Fitted X-ray photoelectron spectra (XPS) of the C1s, O1s and N1s regions corresponding to the undoped (upper row graphs) and N-doped CNDs (down row graphs). The
result shows the atomic percentage of elements in each sample: O:C ¼ 26.4:73.6 for the pure sample, and O:C:N ¼ 27.6:71.5:0.9 for the N-doped one. (A colour version of this figure
can be viewed online.)
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interpretations of color tunability upon excitation [46e48]. This
hypothesis is further strengthened by the fact that excitation-
independent behavior is solely observed for excitations outside
the PL spectrum [35,46].
3.3. Comparative optical behavior of colloidal and solid state CNDs
To exclude any potential interference of the solvent's polarity
with the data presented in Fig. 5, we will further work with solid
state samples. Upon drop casting the samples, the optical density
decreases significantly but the feature of the n-p* transition for the
N-doped CNDs remains present (black dashed lines in Fig. 6a and c).
The PL spectra of both samples, undoped and N-doped CNDs, now
show a small red-shift (Fig. 6b and d). The emission at these longer
wavelengths is typically related to the hybridized oxygen functional
groups with the carbon core [49]. Hence, one possibility is that the
oxidized surface states start dominating the emission process upon
drop casting, as suggested before [46]. Another scenario that would
red-shift the emission of the solid state sample is a change in the
photonic mode density. Thirdly, energy transfer, either by re-
absorption or by F€orster resonant energy transfer (as often
observed for semiconductor nanoparticles), could be another
reason [50,51]. Since the drop casted CNDs are closely packed, both
energy transfer processes would be seriously enhanced. Note that
for systems that emit with efficiencies less than 100%, an
enhancement of the energy transfer processes would result in a
decrease of the PL quantum yield (PL QY); effect that will be
addressed in the last part of the Results and Discussion section.
The so-called “giant red-edge effect” is used to explain the
violation of Kasha's rule [52] which states that the fluorescence is
independent on the excitation energy, by the reorganization of the
solvent's polarity perpendicular to the dipole moment of the
excited CNDs. We can test this model with our samples, since the
solid state and colloidal forms of the CNDs have similar emission
spectra (only a small red-shift appears whichmight be the result, as
we mention earlier, of energy transfer or changes in the functional
groups emission). According to the “giant red-edge effect”, the
excitation-dependent behavior should be completely different
(possibly even absent) for the solid state sample due to the absence
of the polar solvent. However, both sample forms exhibit similar
excitation-dependent PL spectra. This verifies that the excitation-
dependent PL shift is not the result of the polarity of the solvent,
but seems to result from down-shifting of excitations within the
spectrum itself.
The time-resolved PL measurements of CNDs (lexc ¼ 360 nm,
ldet ¼ 430 nm) are shown in Fig. 7. Typically, single, double and
triple exponential decay fitting curves are used to describe the
behavior of CND PL lifetimes [39,49]. We clearly observe that the
generated carriers decay through two mechanisms (see details in
Supporting Information, Figs. S1 and S2). For short time-scales (up
to several ns), the decay has a stretched exponential behavior, with
the stretching coefficient b of around 0.7. The average lifetime of the
stretched component (derived by making use of Guillois et al. [53])
varies from 0.55 to 0.95 ns depending on the sample state and the
detection wavelength. At longer time-scales, the decay is single-
exponential in nature, with a lifetime of around 5 ns for both
solid state samples while it is a bit longer for colloidal samples, and
it also increases as consequence of N-doping. The clear distinction
of the two decay mechanisms implies that the generated carriers
are separated into two different systems. The data can therefore not
be explained by two decay paths that work on the same semi-stable
state. Hence, a simple model of the competition of radiative and
non-radiative recombination is not applicable. To our knowledge,
the behavior for longer time-scales (being a single-exponential and
the relation to the N-doping) suggests that it is originated from a
molecular transition. Actually, single-exponential decay behaviors
Fig. 5. Optical characterization of undoped (a, b) and N-doped (c, d) CNDs dispersed in water. (a, c) Absorption spectra (black dashed lines) combined with the PL spectra for a range
of excitation wavelengths (289e379 nm) with steps of 15 nm, the sharp peaks correspond to the excitation wavelength. (b, d) Contour plot of several PLE spectra with the cor-
responding peak position of PL (blue dashed lines). (A colour version of this figure can be viewed online.)
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Fig. 6. Optical characterization of undoped (a, b) and N-doped (c, d) CNDs as solid state samples. (a, c) Absorption spectra (black dashed lines) combined with the PL spectra for a
range of excitation wavelengths (280e380 nm, the excitation peaks which fall within the spectrum are shown) with steps of 15 nm. (b, d) Excitation dependence of the emission
peak of the solid state (red) and the colloidal CNDs (blue). (A colour version of this figure can be viewed online.)
Fig. 7. Time-resolved PL measurements for undoped (black) and N-doped (red) CNDs. (a) Average lifetimes of the single (top) and stretched (bottom) components for water-
dispersed CNDs as a function of detection wavelength. (b) Average lifetimes of the single (top) and stretched (bottom) components for the solid state samples as a function of
detection wavelength. The depicted error describes the standard deviation of sequential measurements with different excitation powers in linear regime. (A colour version of this
figure can be viewed online.)
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have been assigned to emission of C]O groups in COOH on N-
doped CND surfaces, with lifetimes in the order of 15 ns, quite
similar to our results [39].
In Fig. 8, we present the PL QY values as a function of the exci-
tation wavelength, for the undoped and N-doped CNDs in colloidal
and solid state. All samples show PL QY values in the range of 1e5%.
Two main observations can be made: firstly, the N-doped CNDs
(colloidal and solid state) have slightly higher emission efficiencies
than their undoped counterparts; secondly, the emission efficiency
increases upon drop casting. This latter observation rules out the
energy transfer processes as mechanisms responsible for the
spectral shifts observed in Fig. 6b and d since they would inevitably
decrease the PL QY. We could explain this slight PL QY increase
upon drop casting in line with Hao et al. [47], who stated that a
transition of the PL mechanism arises due to more emission-
efficient oxidized surface states. This also agrees with the slight
red-shift observed in Fig. 6b and d. Regarding the first observation,
it is well known that core emission can be improved by the incor-
poration of nitrogen [25,26]. Hence, the observed slight increase of
the PL QY values of the N-doped CNDs suggests that the emission is
still partly originated from the carbon core p-p* transition of the
sp2 clusters (facilitated by the QCE).
4. Conclusions
The combination of a fluidized bed-assisted rapid pyrolysis with
the confinement of precursors within an ordered nanoporous
structure has been successfully validated as an efficient route to
obtain highly uniform blue emissive undoped and N-doped CNDs
with average sizes below 4 nm. This provided a uniform distribu-
tion of nanoparticles that allowed us to perform an in-depth study
of their PL properties. The fluidized-bed assisted rapid pyrolysis
represents a very convenient and appealingmethod given the short
reactions required (below 6 min) and the highly reproducible re-
action conditions afforded by the fluidizing environment. Further-
more, a thorough optical characterization of the generated CNDs
both in colloidal and solid state has demonstrated that their
emission (with an efficiency of 1e5%) originates from a combina-
tion of the QCE and the oxidized surface states. In addition, N-
doping introduces resonant absorption states which participate in
emission. By studying the behavior of different CNDs sample forms,
colloidal and solid state, we have been able to explain the
excitation-dependent/-independent mechanism with a simple
model based on down-converting excitations in a broad emission
spectrum, also valid for other CNDs reported in the literature.
Acknowledgements
The authors acknowledge the European Research Council for
funding through an advanced grant research project (HECTOR grant
number 267626) and a CIG-Marie Curie Reintegration Grant
(NANOLIGHT REA grant number 294094). The TEM measurements
were conducted at the Laboratorio de Microscopias Avanzadas,
Instituto de Nanociencia de Aragon, Universidad de Zaragoza,
Spain. The synthesis of materials has been performed by the Plat-
form of Production of Biomaterials and Nanoparticles of the
NANOBIOSIS ICTS, more specifically by the Nanoparticle Synthesis
Unit of the CIBER in BioEngineering, Biomaterials & Nanomedicine
(CIBER-BBN). Some of the research leading to this work has been
financially supported by the Stichting voor Fundamenteel Onder-
zoek der Materie (FOM), which is part of the Netherlands Organi-
sation for Scientific Research (NWO), and by Technologiestichting
STW, The Netherlands. R.L. contribution is supported by Nano-
NextNL (a micro and nanotechnology consortium of the Govern-
ment of the Netherlands and 130 partners). M.C.O. acknowledges
the Spanish Government for an FPU predoctoral fellowship. Dr.
Irusta is also gratefully acknowledged for the acquisition of the XP
spectra.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.carbon.2017.03.017.
Competing financial interests
The authors declare no competing financial interests.
References
[1] S. Zhu, Y. Song, X. Zhao, J. Shao, J. Zhang, B. Yang, The photoluminescence
mechanism in carbon dots (graphene quantum dots, carbon nanodots, and
polymer dots): current state and future perspective, Nano Res. 8 (2015)
355e381.
[2] S. Hu, A. Trinchi, P. Atkin, I. Cole, Tunable photoluminescence across the entire
visible spectrum from carbon dots excited by white light, Angew. Chem. Int.
Ed. 54 (2015) 2970e2974.
[3] H. Ding, S.-B. Yu, J.-S. Wei, H.-M. Xiong, Full-color light-emitting carbon dots
with a surface-state-controlled luminescence mechanism, ACS Nano 10
(2016) 484e491.
[4] L. Himaja, P.S. Karthik, S.P. Singh, Carbon dots: the newest member of the
carbon nanomaterials family, Chem. Rec. 15 (2015) 595e615.
[5] P. Miao, K. Han, Y. Tang, B. Wang, T. Linc, W. Chenga, Recent advances in
carbon nanodots: synthesis, properties and biomedical applications, Nano-
scale 7 (2015) 1586e1595.
Fig. 8. PL QY of the undoped (a) and N-doped (b) CNDs, as a function of the excitation wavelength. The PL QY values of the colloidal CNDs are denoted in blue, whereas the red
circles refer to the solid state CNDs. (A colour version of this figure can be viewed online.)
M.C. Ortega-Liebana et al. / Carbon 117 (2017) 437e446 445
[6] M. Havrdova, K. Hola, J. Skopalik, K. Tomankova, M. Petr, K. Cepe, et al.,
Toxicity of carbon dots e Effect of surface functionalization on the cell
viability, reactive oxygen species generation and cell cycle, Carbon 99 (2016)
238e248.
[7] C.M. Zhang, J. Lin, Defect-related luminescent materials: synthesis, emission
properties and applications, Chem. Soc. Rev. 41 (2012) 7938e7961.
[8] S.Y. Lim, W. Shen, Z.Q. Gao, Carbon quantum dots and their applications,
Chem. Soc. Rev. 44 (2015) 362e381.
[9] M.C. Ortega-Liebana, J.L. Hueso, A. Larrea, V. Sebastian, J. Santamaria, Ferox-
yhyte nanoflakes coupled to up-converting carbon nanodots: a highly active,
magnetically recoverable, fenton-like photocatalyst in the visible-nir range,
Chem. Commun. 51 (2015) 16625e16628.
[10] M.C. Ortega-Liebana, J.L. Hueso, S. Ferdousi, K.L. Yeung, J. Santamaria, Nitro-
gen-doped luminescent carbon nanodots for optimal photo-generation of
hydroxyl radicals and visible-light expanded photo-catalysis, Diam. Relat.
Mater. 65 (2016) 176e182.
[11] Z. Gan, H. Xu, Y. Hao, Mechanism for excitation-dependent photo-
luminescence from graphene quantum dots and other graphene oxide deri-
vates: consensus, debates and challenges, Nanoscale 8 (2016) 7794e7807.
[12] V. Nguyen, L. Yan, J. Si, X. Hou, Femtosecond laser-induced size reduction of
carbon nanodots in solution: effect of laser fluence, spot size, and irradiation
time, J. Appl. Phys. 117 (2015), 084304e1-084304-6.
[13] J. Deng, Q. Lu, N. Mi, H. Li, M. Liu, M. Xu, et al., Electrochemical synthesis of
carbon nanodots directly from alcohols, Chem. Eur. J. 20 (2014) 4993e4999.
[14] J. Zhou, C. Booker, R. Li, X. Zhou, T.-G. Sham, X. Sun, Z. Ding, An Electro-
chemical avenue to blue luminescent nanocrystals from multiwalled carbon
nanotubes (MWCNTs), J. Am. Chem. Soc. 129 (2007) 744e745.
[15] H. Li, X. He, Z. Kang, H. Huang, Y. Liu, J. Liu, S. Lian, C.H.A. Tsang, X. Yang, S.-
T. Lee, Water-soluble fluorescent carbon quantum dots and photocatalyst
design, Angew. Chem. 122 (2010) 4532e4536.
[16] M. Favaro, S. Agnoli, M. Cattelan, A. Moretto, C. Durante, S. Leonardi, J. Kunze-
Liebhauser, O. Schneider, A. Gennaro, G. Granozzi, Shaping graphene oxide by
electrochemistry: from foams to self-assembled molecular materials, Carbon
77 (2014) 405e415.
[17] Y. Liu, N. Xiao, N. Gong, H. Wang, X. Shi, W. Gu, L. Ye, One-step microwave-
assisted polyol synthesis of green luminescent carbon dots as optical
nanoprobes, Carbon 68 (2014) 259e264.
[18] Z. Wang, B. Fu, S. Zou, B. Duan, C. Chang, B. Yang, et al., Facile construction of
carbon dots via acid catalytic hydrothermal method and their application for
target imaging of cancer cells, Nano Res. 9 (2016) 214e223.
[19] J. Zhang, F. Abbasi, J. Claverie, An efficient templating approach for the syn-
thesis of redispersible size-controllable carbon quantum dots from graphitic
polymeric micelles, Chem. Eur. J. 21 (2015) 15142e15147.
[20] J. Zong, Y. Zhu, X. Yang, J. Shen, C. Li, Synthesis of photoluminescent carbo-
genic dots using mesoporous silica spheres as nanoreactors, Chem. Commun.
47 (2011) 764e766.
[21] H.G. Baldovi, S. Valencia, M. Alvaro, A.M. Asirib, H. Garcia, Highly fluorescent
C-dots obtained by pyrolysis of quaternary ammonium ions trapped in all-
silica ITQ-29 zeolite, Nanoscale 7 (2015) 1744e1752.
[22] C.E. Machado, L. Gazola Tartuci, H. de F!atima Gorgulho, L.F. Cappa de Oliveira,
J. Bettini, D. Pereira dos Santos, et al., Influence of inert and oxidizing atmo-
spheres on the physical and optical properties of luminescent carbon dots
prepared through pyrolysis of a model molecule, Chem. Eur. J. 22 (2016)
4556e4563.
[23] R. Ramos, M.P. Pina, M. Menendez, J. Santamaria, G.S. Patience, Oxidative
dehydrogenation of propane to propene: simulation of a commercial inert
membrane reactor immersed in a fluidized bed, Can. J. Chem. Eng. 79 (2001)
902e912.
[24] J. Herguido, M. Menendez, J. Santamaria, On the use of fluidized bed catalytic
reactors where reduction and oxidation zones are present simultaneously,
Catal. Tod. 100 (2005) 181e189.
[25] H. Ding, J.-S. Wei, H.-M. Xiong, Nitrogen and sulfur co-doped carbon dots with
strong blue luminescence, Nanoscale 6 (2014) 13817e13823.
[26] Y. Choi, B. Kang, J. Lee, S. Kim, G.T. Kim, H. Kang, et al., Integrative approach
toward uncovering the origin of photoluminescence in dual heteroatom-
doped carbon nanodots, Chem. Mater. 28 (2016) 6840e6847.
[27] E.M. Johansson, M.A. Ballem, J.M. Cordoba, M. Od!en, Rapid synthesis of SBA-15
rods with variable lengths, widths, and tunable large pores, Langmuir 27
(2011) 4994e4999.
[28] Y.-P. Sun, B. Zhou, Y. Lin, W. Wang, K.A.S. Fernando, P. Pathak, M.J. Meziani,
B.A. Harruff, X. Wang, H. Wang, P.G. Luo, H. Yang, M.E. Kose, B. Chen,
L.M. Veca, S.-Y. Xie, Quantum-sized carbon dots for bright and colorful pho-
toluminescence, J. Am. Chem. Soc. 128 (2006) 7756e7757.
[29] P.-C. Hsua, H.-T. Chang, Synthesis of high-quality carbon nanodots from hy-
drophilic compounds: role of functional groups, Chem. Commun. 48 (2012)
3984e3986.
[30] J.L. Hueso, J.P. Espinos, A. Caballero, J. Cotrino, A.R. Gonzalez-Elipe, XPS
investigation of the reaction of carbon with NO, O2, N2 and H2O plasmas,
Carbon 45 (2007) 89e96.
[31] J.P. Boudou, A. Martinez-Alonzo, J.M.D. Tascon, Introduction of acidic groups at
the surface of activated carbon by microwave-induced oxygen plasma at low
pressure, Carbon 38 (2000) 1021e1029.
[32] J.P. Boudou, A. Martinez-Alonzo, J.M.D. Tascon, Oxygen plasma modification of
pitch-based isotropic carbon fibres, Carbon 41 (2003) 41e56.
[33] J.R. Pels, F. Kapteijn, J.A. Moulijn, Q. Zhu, K.M. Thomas, Evolution of nitrogen
functionalities in carbonaceous materials during pyrolysis, Carbon 33 (1995)
1641e1653.
[34] J.C. Sanchez-Lopez, C. Donnet, F. Lefebvre, C. Fernandez-Ramos, A. Fernandez,
Bonding structure in amorphous carbon nitride: a spectroscopic and nuclear
magnetic resonance study, J. Appl. Phys. 90 (2001) 675e681.
[35] Z.X. Gan, S.J. Xiong, X.L. Wu, T. Xu, X.B. Zhu, X. Gan, et al., Mechanism of
photoluminescence from chemically derived graphene oxide: role of chemical
reduction, Adv. Opt. Mater. 1 (2013) 926e932.
[36] Y. Wang, S. Kalytchuk, Y. Zhang, H. Shi, S.V. Kershaw, A.L. Rogach, Thickness-
dependent full-color emission tunability in a flexible carbon dot ionogel,
J. Phys. Chem. Lett. 5 (2014) 1412e1420.
[37] Y. Dong, H. Pang, H.B. Yang, C. Guo, J. Shao, Y. Chi, et al., Carbon-based dots co-
doped with nitrogen and sulfur for high quantum yield and excitation-
independent emission, Angew. Chem. Int. Ed. 52 (2013) 7800e7804.
[38] M.A. Sk, A. Ananthanarayanan, L. Huang, K.H. Lim, P. Chen, Revealing the
tunable photoluminescence properties of graphene quantum dots, J. Mater.
Chem. C 2 (2014) 6954e6960.
[39] H. Ding, H.-M. Xiong, Exploring the blue luminescence origin of nitrogen-
doped carbon dots by controlling the water amount in synthesis, RSC Adv.
5 (2015) 66528e66533.
[40] H. Nie, M. Li, Q. Li, S. Liang, Y. Tan, L. Sheng, et al., Carbon dots with contin-
uously tunable full-color emission and their application in ratiometric pH
sensing, Chem. Mater. 26 (2014) 3104e3112.
[41] J.R. Rani, J. Lim, J. Oh, J.-W. Kim, H.S. Shin, J.H. Kim, et al., Epoxy to carbonyl
group conversion in graphene oxide thin films: effect on structural and
luminescent characteristics, J. Phys. Chem. C 116 (2012) 19010e19017.
[42] S. Khan, A. Gupta, N.C. Verma, C.K. Nandi, Time-resolved emission reveals
ensemble of emissive states as the origin of multicolor fluorescence in carbon
dots, Nano Lett. 15 (2015) 8300e8305.
[43] Y. Deng, X. Chen, F. Wang, X. Zhang, D. Zhao, D. Shen, Environment-dependent
photon emission from solid state carbon dots and its mechanism, Nanoscale 6
(2014) 10388e10393.
[44] L. Cao, M.J. Meziani, S. Sahu, Y.P. Sun, Photoluminescence properties of gra-
phene versus other carbon nanomaterials, Acc. Chem. Res. 46 (2013)
171e180.
[45] S.K. Cushing, M. Li, F. Huang, N. Wu, Origin of strong excitation wavelength
dependent fluorescence of graphene oxide, ACS Nano 8 (2014) 1002e1013.
[46] S.J. Zhu, Q.N. Meng, L. Wang, J.H. Zhang, Y.B. Song, H. Jin, et al., Highly pho-
toluminescent carbon dots for multicolor patterning, sensors, and bioimaging,
Angew. Chem. Int. Ed. 52 (2013) 3953e3957.
[47] Y. Hao, Z. Gan, J. Xu, X. Wu, P.K. Chu, Poly(ethylene glycol)/carbon quantum
dot composite solid films exhibiting intense and tunable blue-red emission,
Appl. Surf. Sci. 311 (2014) 490e497.
[48] L. Pan, S. Sun, A. Zhang, K. Jiang, L. Zhang, C. Dong, et al., Truly Fluorescent
excitation-dependent carbon dots and their applications in multicolor cellular
imaging and multidimensional sensing, Adv. Mater. 27 (2015) 7782e7787.
[49] S.H. Jin, D.H. Kim, G.H. Jun, S.H. Hong, S. Jeon, Tuning the photoluminescence
of graphene quantum dots through the charge transfer effect of functional
groups, ACS Nano 7 (2013) 1239e1245.
[50] R. Limpens, A. Lesage, P. Stallinga, A.N. Poddubny, M. Fujii, T. Gregorkiewicz,
Resonant energy transfer in Si nanocrystal solids, J. Phys. Chem. C 119 (2015)
19565e19570.
[51] C. De Weerd, L. Gomez, H. Zhang, W.J. Buma, G. Nedelcu, M.V. Kovalenko,
T. Gregorkiewicz, Energy transfer between inorganic perovskite nanocrystals,
J. Phys. Chem. C 120 (2016) 13310e13315.
[52] M. Kasha, Characterization of electronic transitions in complex molecules,
Discuss. Faraday Soc. 9 (1950) 14e19.
[53] O. Guillos, N. Herlin-Boime, C. Reynaud, G. Ledoux, F. Huisken, Photo-
luminescence decay dynamics of noninteracting silicon nanocrystals, J. Appl.
Phys. 95 (2004) 3677e3682.








M.! C.! Ortega5Liebanaa,b,#,! X.! N.! Chungc,#,! R.! Limpensc,! L.! Gomezc,*,! J.! L.! Huesoa,b,*,! J.!
Santamariaa,b!and!T.!Gregorkiewiczc!
%













Additional% Figures:% lifetime! dependence! on! power! (Figure! S1),! lifetime! fitting!
components!(Figure!S2),!emission!intensity!according!with!the!different!measurements!
necessary! to! get! pure! PL! QY! (Figure! S3),! explanation! on! the! error! bars! of! PL! QY!















Figure% S2.! The! fitting! components,! namely! single! (black)! and! stretch! components! (magenta)!
with!lifetimes!around!658!and!0.551!ns,!respectively,!contribute!to!the!total!fitting!curve!(blue!
curve)! which! is! suitable! for! the! experimental! data! (red! curve).! The! broken! line! shows! the!







the! PL! spectra! of! the! sample.! In! the! sample!measurement! (sample! is! inside! the! integrating!
sphere),! the! excitation! intensity! on! the! sphere! wall! is! lower! than! T! (transmittance! of! the!
sample)!times!itself!in!the!substrate!measurement;!therefore,!the!emission!of!the!sphere!(blue!









the!excitation!light!is!minor.!Then,!we!have:!!!!(!!"#) = !!(!!"#)×!(!!"#)!! ! ! ! (1)!
In! the! emission! window:! Isphere/substrate(λem)! and! Isphere/sample(λem)! are! the! emission!
intensity!of!the!sphere!in!the!substrate!and!in!the!sample!measurements,!respectively.!
In!the!sample!measurement,!the!signal!Isphere+sample(λem)!originates!from!both!emission!




!!"!!"!/!"#$%& !!" = !!"!!"!/!"#!$%&$' !!" ×!(!!"#)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3)!




publication! from! Chung! et! al.! [1]! Here,! the! total! error! of! PL! QY! responds! to! the!




5 The!relative!sensitivity!error!of!the!spectrometer!can!be!deduced:!!!"(!!"#) = !!"(!!"#)!" = 1√!!"#$%&"'$() !!"# !





Here,! β! and! α! are! relative! fluctuations! of! the! excitation! intensity! and! absorption!
fraction!of!the!sample!at!the!excitation!wavelength!of!λexc.!
Finally,!the!total!relative!error!of!PL!QY!will!be:!





























Figure% S7.!N5doped!absorption! feature.!The!blue! line! represents! the!absorption!spectrum!as!







making! use! of! the! measurements! that! were! performed! in! an! integrating! sphere!
(originally! for! the!PL!QY!measurements),!we! can! resolve! the! effect! of! the! enhanced!
absorption! on! the! emission.! In! Figure! S7!we! depict! the! absorption! spectrum!by! the!
blue! line! (as! shown! in! Figure! 5c),! emission! intensities! (the! red! transparent! closed!
circles)!normalized!by!the!number!of!incident!photons!for!the!measurements!with!the!
sample! inside! the! integrating! sphere.! We! notice! that! the! enhanced! resonant!
absorption! is! leading! to! enhanced! emission.! The! latter! was! actually! expected! from!
Figure!8!where!the!slight!change!in!the!PL!QY!along!this!excitation!wavelength!range!
was! observed.! Hence! we! conclude! that! the! carriers! generated! by! the! resonant! N5


















1.! Water5soluble! CNDs! with! high! luminescence! can! be! obtained! by!








4.! The! process! based! on! flash! thermal! treatment! and! the! use! of! inorganic!





5.! The! light! emission! in! CNDs! is! governed! by! the! interplay! between! the!
absorption!due!to!the!carbon!cores!and!the!surface!functional!groups.!
6.! The! CNDs! obtained! had! excitation5dependent/5independent! PL! properties,!









9.! The!CNDS!are!capable!of!a! therapeutic! response!by! in! situ! activation!upon!
NIR!irradiation!light.!An!increased!generation!of!highly!reactive!oxidative!species!(ROS)!
succefully! was! responsible! for! the! death! of! cancer! cells! where! the! CNDs! had! been!
internalized.!!
10.!CNDs!are!sensitive!fluorescent!probes!that!allow!selective!detection!of:!(a)!
copper! ions,!even! in!the!presence!of!highly! interfering! ion!counterparts!such!as! iron,!
solving! in! the!NIR! detection! range,! and! (b)! changes! of! pH,! due! to! its! pH5dependent!
lifetime!decay!response.!
Environmental%Catalysis%
!11.! N5doped! CNDs! can! act! as! nanosensitizers! to! maximize! the! solar! light!
harvesting! for! photocatalytic! applications! via! an! enhanced! production! of! highly!
reactive!hydroxyl!radicals.!
12.! They! enable! the! use! of! light! across! a! wider! spectrum,! and! conformed! a!
novel! Fenton5like! heterogeneous! catalyst,! obtained! through! the! assembly! of!
superparamagnetic!feroxyhyte!nanoflakes!(Fe5NFs)!and!CNDs.!%

















1.! Se! pueden!obtener!CND! solubles! en! agua! con! alta! luminiscencia!mediante!
síntesis! hidrotermal! a! partir! de! precursores! naturales! de! bajo! coste! y! fácilmente!
disponibles,!abarcando!las!condiciones!descritas!en!este!trabajo.!
2.! Usando! precursores! que! incluyen! heteroátomos! en! su! estructura,! se!




reacción.! Se! considera! que! es! más! rentable,! en! comparación! con! la! ruta! sintética!
hidrotermal,!ya!que!no!necesita!equipos!especiales!ni!disolventes.%
























(acrónimo! en! inglés,! ROS)! fue! responsable! de! la! muerte! de! las! células! cancerosas!
donde!se!habían!internalizado!las!nanopartículas.!
10.! Los! CND! son! sondas! fluorescentes! sensibles! que! permiten! la! detección!











13.% La! respuesta! magnética! inherente! del! Fe5FN! permitió! la! recuperación! y!
reciclado!eficientes!del!catalizador!nanohíbrido.%










16.! Las! plataformas! mesoporosas! luminiscentes! a! base! de! carbón! y! silicio!
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